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Preface 


Laser  Doppler  Velocimetry  has  become  widely  accepted 
and  utilized  as  a  technique  for  studying  turbulent  fluid  flow. 
Experiments  using  the  equipment  have  historically  been  tedious 
and  time  consuming  in  the  processing  of  the  large  quantities  of 
information  generated.  This  process  can  be  greatly  streamlined 
by  employing  an  Automatic  Data  Acquisition  System  to  perform 
the  routine  tasks  of  electronic  equipment  control,  data 
transfer  and  recording,  and  computations.  Integrating  the  two 
systems  provides  an  experimenter  with  greatly  increased 
capability  to  conduct  large  scale  real  time  turbulence  studies. 

My  study  was  sponsored  by  the  Air  Force  Flight  Dynamics 
Laboratory,  under  the  auspices  of  Dr.  N.  G.  Nagaraga.  The 
effort  has  produced  a  system  that  will  be  beneficial  to  the 
laboratory  in  future  fluid  dynamic  studies,  allowing 
experimenters  to  concentrate  on  the  results  of  studies,  rather 
than  on  the  techniques  necessary  to  obtain  results. 

My  deepest  gratitude  extends  to  my  thesis  advisor.  Dr 
Harold  E.  Wright  for  his  continual  patience  and  encouragement. 
His  dedication  to  education  brought  me  from  fledglinq 
apprentice  to  practicing  magician,  able  to  perform  miracles 
under  less  than  ideal  conditions. 

This  thesis  would  not  have  been  possible  without  the 
support,  devotion  and  loving  care  from  my  dear  wife  Suzie,  and 
B.  H.  Rudolph.  Their  sacrifice  and  Understanding  through  this 

period  was  more  than  I  can  ever  repay. 
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David  L.  Neyland 
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ABSTRACT 


A  general  Automatic  Data  Acquisition  System  dedicated 
to  a  broad  range  of  experiments  is  used  to  operate  the  Digital 
Correlation  signal  processing  equipment  of  a  Laser  Doppler 
Velocimeter,  transfer  data  from  the  correlator  into  the 
Automatic  Data  Acquisition  System  computer  and  perform 
computations  with  the  information.  The  Laser  Doppler 
Velocimeter  is  used  to  acquire  vast  quantities  of  velocity  and 
turbulence  intensity  information  describing  turbulent  fluid 
flow  about  two  dimensional  airfoils.  Integration  of  the 
Velocimeter  with  the  computer  increases  the  capability  of  the 
system  to  perform  large  scale  fluid  dynamic  studies. 

The  necessary  electronic  interfaces,  control  functions 
and  computational  software  were  developed  to  provide  a  fully 
operational  computerized  laser  velocimetry  system  while 
avoiding  the  exclusive  dedication  of  a  sophisticated  computer 
to  the  experiment.  The  system  was  tested  during  actual 
experimental  operations  to  validate  the  techniques  employed. 
Data  was  collected  in  an  experiment  examining  the  effects  of 
constant  area  mixing  ducts  with  ducted  ejector  airfoils. 
Results  of  the  computational  techniques  employed  herein  were 
validated  by  separate  manual  effort  conducted  by  other 
exper imenters. 
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HARDWARE  AND  SOFTWARE  INTEGRATION 
FOR  CONCURRENT  DATA  ACQUISITION  AND  REDUCTION 

OF  PHOTON  CORRELATED  LASER  DOPPLER  VELOCIMETRY 

1 •  INTRODUCTION 

Laser  Dopoler  Velocimetry  offers  a  method  of 
unobtrusively  studying  complex  fluid  dynamics.  Applied  to 
aerodynamic  fluid  flow  experiments,  this  optical  technique 
provides  direct  measurements  of  fluid  velocity  and  turbulence 
characteristics.  Electro-optical  observations  of  free  moving 
particles  in  a  fluid  flow  system  are  made  possible  by  the 
interference  patterns  formed  by  the  intersection  of  twin  laser 
beams.  Modern  electronic  signal  processing  equipment  evaluates 
the  doppler  signal  pattern  of  light  reflected  from  a  particle 
moving  through  the  laser  interference  fringe  region. 
Mathematical  analysis  of  the  signal  reveals  the  velocity  and 
turbulence  of  the  flow  field. 

Previous  Work.  As  early  as  1964  Yeh  and  Cummings  (Ref 
21)  were  conducting  the  first  experiments  with  what  is  now 
commonly  referred  to  as  a  Laser  Doppler  Velocimeter  or  a  laser 
anemometer.  In  the  ensuing  years  techniques  and  applications 
of  Laser  Doppler  Velocimetry  have  flourished,  with  considerable 
effort  having  been  spent  to  substantiate  the  accuracy  of  Laser 
Doppler  Velocimetry  results  as  compared  with  other  anemometry 
methods.  At  the  Air  Force  Institute  of  Technology  and  at  Air 
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Force  laboratories  at  Wr ight-Patterson  Air  Force  Base,  work  has 
been  completed  by  Catalano,  Cerullo,  Morris,  Rogers  and 
Walterick  (Refs  6,  7,  13,  16  and  20),  wherein  Laser  Doppler 
Velocimetry  was  used  to  measure  turbulent  fluid  flow 
concurrently  with  measurements  made  by  hot-wire  anemometers  and 
Prandtl-type  pitot  static  tubes.  Laser  Doppler  Velocimetry  has 
repeatedly  proven  an  invaluable  tool  for  gathering  otherwise 
difficult  to  obtain  data  on  fluid  flow  in  free  streams,  laminar 
boundary  layers  and  turbulent  mixing  regions. 

Current  Work.  Concurrently  with  the  work  described  in 
this  thesis,  experiments  were  performed  to  study  the  turbulent 
flow  field  about  an  ejector  wing  design  incorporating  a 
constant  area  mixing  duct.  This  experiment  was  conducted  by 
Captain  D.  G.  Stephens  in  partial  fulfillment  of  the  degree  of 
Master  of  Science  at  the  Air  Force  Institute  of  Technology.  The 
experiment  relied  exclusively  upon  a  Laser  Doppler  Velocimeter 
to  gather  considerable  quantitative  flow  information.  The 
shear  magnitude  of  data  required  in  such  an  experiment,  as  well 
as  the  extremely  time  consuming  data  collection  and  reduction 
procedures  necessary,  prompted  this  present  attempt  to  apply 
the  capabilities  of  an  Automatic  Data  Acquisition  System  to  aid 
Laser  Doppler  Velocimetry  experiments.  The  goals  of  the 
present  study  are  to  reduce  the  tedium  of  data  collection, 
improve  real  time  evaluation  of  turbulent  flow  and  provide  for 
long  term  evaluation  of  experimental  data  while  avoiding  the 
exclusive  long  term  dedication  of  a  sophisticated  computer  to 
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the  process 


Present  Study.  The  scope  of  this  effort  is  to  develop 
the  essential  hardware  and  software  to  fully  integrate  the 
Automatic  Data  Acquisition  System  with  the  Laser  Doppler 
Velocimeter.  The  objectives  of  the  study  are  to: 

1.  Design,  prototype,  test  and  build  the  necessary 
electronic  interfacing  equipment  to  provide  for 
control  of  the  Laser  Doppler  Velocimeter  Digital 
Correlator  Signal  Processor  by  the  Automatic  Data 
Acquisition  System  and  to  provide  for  data 
transfer  from  the  Laser  DopDler  Velocimeter 
Digital  Correlator  to  the  Automatic  Data 
Acquisition  System. 

2.  Develop,  implement  and  test  software  to  control 
the  Laser  Doppler  Velocimeter  Digital  Correlator 
Signal  Processor,  to  transfer  data  from  the  Laser 
Doppler  Velocimeter  Digital  Correlator  to  the 
Automatic  Data  Acquisition  System,  to  perform 
velocity  and  turbulence  calculations  with  the 
data,  and  to  provide  for  long  term  data 
management,  storage  and  retrieval. 

3.  Maintain  the  autonomy  and  independence  of  the 
Automatic  Data  Acquisition  System  by  utilizing 
non-permanent  interfacing  techiques  which  do  not 
require  physical  modifications  to  the  computer  and 
ensure  that  the  computer  is  free  to  be  used  in 
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other  experiments  and  need  not  be  exclusively 
dedicated  to  the  Laser  Doppler  Velocimeter. 

This  thesis  deals  with  these  objectives  and  will  also 
include  an  operational  description  of  the  test  environment,  t 
Laser  Doppler  Velocimeter  and  the  Automatic  Data  Acquisition 
System,  a  discussion  of  examples  of  the  type  of  information 
produced  by  the  integrated  system  and  a  presention  of  the 
theoretical  background  on  Laser  Doppler  Velocimetry  technique 


II. 


Aerodynamic  Fluid  Flow  Test  Facility 


The  test  apparatus  in  which  the  Laser  Doppler 
Velocimeter  was  used  to  measure  aerodynamic  fluid  flow  was  the 
Air  Force  Institute  of  Technology  "Blue  Smoke  Tunnel"  (Fig  1) 
located  in  Laboratory  Room  142,  Building  640  at  the  Air  Force 
Institute  of  Technology  School  of  Engineering.  This  unique 
smoke  tunnel  has  an  interesting  history  in  itself,  originally 
designed  and  built  by  the  Germans  and  subsequently  liberated  by 
the  Americans  after  World  War  Two,  brought  to  the  United  States 
for  aeronautical  research,  and  eventually  donated  to  the  Air 
Force  .nstitute  of  Technology.  The  tunnel  was  resurrected  and 
modified  in  1959  by  Baldner  (Ref  3)  in  his  Master's  Thesis 
project. 

The  smoke  tunnel  provides  for  observing  two  dimensional 
fluid  flow  in  an  open  ended  system  capable  of  subsonic 
incompressible  velocities  up  to  23  meters/second.  The  air  flow 
is  pulled  through  the  tunnel  by  two  diffuser  isolated  fans, 
each  driven  by  a  1.5  horsepower  electric  motor.  The  free 
stream  air  flow  velocity  is  continuously  monitored  by  a  Prandtl 
type  pitot  static  tube  connected  to  a  microanemometer. 

Extreme  care  was  taken  in  the  design  and  modification 
of  the  tunnel  to  control  and  eliminate  turbulence  in  the  fluid 
flow.  The  air  inlet  to  the  tunnel  is  a  bell  mouth  of  0.2 
meters  radius  of  curvature  in  order  to  correct  the 
concentration  ratio  of  11.5  to  1.  Directly  inside  the  bell 
mouth  is  a  screen  section  of  honeycomb  construction,  0.076 


meters  thick,  with  a  length  to  diameter  ratio  for  the  openings 
of  eight.  The  honeycomb  serves  to  break  up  large  turbulent 
fluid  structures  before  they  enter  the  tunnel.  Downstream  of 
the  honeycomb  are  a  series  of  finer  and  progressively  finer 
screens  to  break  up  the  smaller  turbulent  structures,  up  to  the 
point  of  the  stack  and  injector  system  used  to  introduce  smoke 
particles  into  the  moving  fluid. 

Flow  visualization  in  the  Air  Force  Institute  of 
Technology  Blue  Smoke  Tunnel  is  created  by  thin  stream  tubes  of 
flow  marker  smoke  in  the  fluid  flow.  These  stream  tubes  of 
smoke  are  produced  by  the  stack  and  injector  apparatus  in  the 
tunnel  contraction  region.  The  airfoil  shaped  stack  has 
sixty-five  0.005  meter  (inside  diameter)  injector  tubes 
emerging  from  the  trailing  edge  of  it.  The  marker  particles 
injected  into  the  fluid  flow  from  the  injector  tubes  are 
kerosene  smoke  droplets.  The  kerosene  smoke  is  generated  by 
two  900  watt  inconel  heaters  boiling  off  kerosene  fuel  at  605 
degrees  Kelvin.  The  kerosene  vapor  is  mixed  under  pressure  -d 
turbulent  conditions  with  cool  air,  forming  a  dense,  white, 
non-corrosive  and  non-toxic  smoke.  The  smoke  passes  through  a 
condensing  chamber  to  eliminate  water  vapor  before  it  flows  to 
the  stack  and  injector  apparatus,  there  to  enter  the  free 
stream  of  the  tunnel.  Measurements  in  the  free  stream  indicate 
that  there  may  be  as  much  as  a  1%  turbulence  in  the  smoke 
stream  tubes  due  to  the  stack  and  injector  design  of  issuing 
secondary  flow  into  the  mainstream  of  the  tunnel. 

The  heart  of  the  smoke  tunnel  is  the  flow  visualization 


region.  It  is  a  transparent  test  section,  1.5  meters  long  and 
1.0  meter  high.  The  test  section  is  0.076  meters  thick  and  has 
removable  front  sections  of  0.0097  meter  thick  plexiglass, 
plate  glass  and  other  suitable  materials.  The  back  wall  of  the 
test  section  is  laminated  plate  glass. 

The  design  of  the  smoke  tunnel  is  optimum  for  using 
Laser  Doppler  Velocimetry  in  the  backscatter  mode,  wherein  the 
laser  device  and  the  photon  collecting  device  are  on  the  same 
side  of  the  tunnel  (Ref  6). 
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III.  Laser,  Interface  and  Computer  Equipment 

The  equipment  employed  in  this  study  falls  into  three 
general  categories,  the  Laser  Doppler  Velocimeter,  the 
interface  and  the  Automatic  Data  Acquisition  System.  The  Laser 
Doppler  Velocimeter  consists  of  a  laser,  a  beamsplitter,  a 
phase  modulator,  a  photomultiplier  tube,  a  digital  correlator 
signal  processor  and  an  oscilloscope.  The  interface  includes 
two  standard  input/output  devices  and  a  voltage  translator.  The 
Automatic  Data  Acquisition  System  includes  a  computer  with  a 
cathode  ray  tube  display  and  two  disk  drives. 

A.  Laser  Doppler  Velocimeter  (Fig  2) . 

1.  Laser.  The  laser  utilized  in  this  procedure 
is  a  15  milliwatt  helium  neon  laser,  Spectra 
Physics  Model  124A,  accompanied  by  a  Model 
255  DC  Exciter.  The  laser  produces  a  single 
monochromatic  beam  of  coherent  light  at  6328 
angstroms  wavelength,  appearing  bright  red. 
The  beam  has  a  diameter  of  0.0011  meters, 
characterized  by  the  gaussian  beam  profile 
and  l/(e“2)  intensity  radius. 

2.  Beamsplitter  (Fig  3}.  Attached  to  the  front 
of  the  laser  is  a  Malvern  Instruments  RF307 
transmitter  beamsplitter  and  polarizer.  The 
device  utilizes  prismatic  optics  to  divide 
the  single  beam  from  the  laser  into  two 
parallel,  equal  intensity  beams.  The 
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Figure  2  Laser  Doppler  Velocimeter  Physical  Layout 


Beamsplitter  and  Phase  Modulator  Operation 


polarizer  can  be  used  to  eliminate 
horizontally  or  verically  polarized 
components  of  laser  light.  The  pair  of  beams 
leaving  the  beamsplitter  are  identically 
0.0011  meters  in  diameter  and  spaced  apart  a 
variable,  but  controllable  distance.  Two 
controls  on  the  side  of  the  beamsplitter 
casing  adjust  the  internal  prisms  to  vary  the 
beam  spacing  and  their  parallel  nature  upon 
exiting  the  device. 

Phase-Modulator  (Figs  3  and  4).  An  optional 
phase  modulation  unit  may  be  placed  in  the 
optical  path  of  the  laser  beams  from  the 
laser  to  the  aerodynamic  test  chamber.  In 
use  it  provides  a  method  of  introducing  a 
doppler  frequency  shift  to  the  laser  fringes 
produced  by  the  intersection  of  the  twin 
laser  beams  in  the  test  chamber.  This  is 
useful  in  cases  of  high  turbulence  intensity, 
or  high  speed  flow,  wherein  the  Laser  Doppler 
Velocimeter  may  not  be  able  to  sense  the 
direction  of  the  fluid  flow.  The  phase 
modulator  causes  the  fringe  pattern  to  move 
either  with  or  against  the  fluid  flow 
direction  and  proper  signal  interpr etaion 
produces  a  valid  estimate  of  fluid  velocity 
and  turbulence  intensity.  The  particular 
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Figure  4  Phase  Modulator  Placement  in  Optical  Path 


Developments  PC-14  Light  Modulator,  with  two 
pizeo-electr ic  optical  crystals  optimized  for 
the  wavelength  of  the  laser.  Oscillation  of 
the  crystals  by  the  Malvern  Instruments 
K-9023  Laser  Anemometer  Phase  Modulation 
Drive  Unit  causes  the  optical  path  length  for 
each  of  the  twin  laser  beams  to  change  as  a 
function  of  time,  with  respect  to  each  other. 
This  introduces  a  doppler  frequency  shift  to 
the  fringe  pattern  in  the  test  chamber.  The 
exact  frequency  of  the  doppler  shift  is 
necessary  in  calculating  the  velocity  and 
turbulence  of  the  fluid  flow  in  the  test 
chamber  and  is  measured  by  a  Hewlett-Packard 
5325B  Universal  Counter. 

Photo-Multiplier  Tube  (Fig  5).  The  photon 
detection  element  in  this  Laser  Doppler 
Velocimeter  is  an  EMI  9863  Model  KE/100 
Photo-Multiplier  tube  from  Malvern 
Instruments.  On  the  front  of  the  tube  is  a 
Tamron  f2.5,  105  millimeter  multi-coated 
lens,  which  focusses  light  and  photons  from, 
the  test  chamber  into  the  Photo-Multiplier 
tube.  The  point  of  focus  of  the  lens  must  be 
adjusted  to  coincide  exactly  with  the 
intersection  of  the  twin  laser  beams  in  the 
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Figure  5  Pho to— Mul tipi ier  Tube 


test  chamber,  in  order  to  focus  the  fringe 
pattern  onto  the  pinhole  aoerture  of  the 
Photo-Multiplier  tube.  The  tube  is 
exceptionally  sensitive  to  light  and  can  be 
operated  only  under  extremely  subdued 
lighting  conditions.  The  tube  is  cowered  by 
an  EMI  power  regulator  tuned  to  its 
particular  characteristics.  The  power  supply 
provides  a  constant  1850  volts  for  the 
cathode  of  the  tube  during  its  operation. 
Digital  Correlator  (Fig  6).  The  heart  of  the 
Laser  Doppler  Veloc imetry  system  is  the 
signal  processing  system.  This  system  uses  a 
Malvern  Instruments  K7023  Digital  Correlator 
and  Storage  unit,  accepting  continuous 
signals  from  the  Photo-Multiplier  and 
producing  an  autocorrelation  function.  The 
correlator  continuously  processes  the  signal 
and  displays  a  real-time  representation  of 
the  information  on  an  oscilloscope  hooked  up 
to  its  output.  The  correlator  has  facility 
for  electronic  input  control  functions  to 
clear  the  storage,  start  and  stop  the 
correlation  function,  and  electronically  read 
out  the  data  in  digital  form  as  Binary  Coded 
Decimal  digits. 

Oscilloscope  (Fig  6).  A  Tektronics  425 


Figure  6  Digital  Correlation  Equipment 
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oscilloscope  with  z-axis  control  is  connected 
to  the  display  output  of  the  digital 
correlator.  The  oscilloscope  is  used  to  view 
a  real-time  representation  of  the 
autocorrelation  function. 

Electronic  Interfaces. 

Two  standard,  off-the-shelf  interfaces  were  used 
in  this  research.  They  can  either  be  plugged  into 
the  expansion  ports  of  the  computer  as  indicated 
below,  or  into  the  port  of  a  Hewlett-Packard  9874A 
Input/Output  expander,  whose  own  interface  is  then 
connected  to  the  computer  expansion  port. 

1.  The  Hewlett-Packard  98032A  Input/Output 
Interface  is  a  general  purpose  interface 
providing  two-way,  16-bit  data  exchange 
between  the  Automatic  Data  Acquisition  System 
and  the  Laser  Doppler  Velocimeter.  The  input 
and  output  data  and  control  lines  are  all 
separate  and  independent.  It  can  perform 
input  and  output  simultaneously.  The  output 
function  is  used  in  this  project  and  is 
controlled  by  the  Hewlett-Packard  Basic 
binary  write  statement,  "WRITEBIN"  which 
outputs  a  single,  binary,  16-bit  number.  This 
number  is  interpreted  by  a  voltage 
translation  circuit  which  in  turn  outputs  to 
the  Digital  Correlator  the  proper  voltage 
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signal  and  thereby  performs  the  remote 
control  functions. 

2.  The  Hewlett-Packard  98033A  BCD  Interface 
provides  the  Automatic  Data  Acquisition 
System  with  the  capability  to  extract  Binary 
Coded  Decimal  information  from  the  Laser 
Doppler  Velocimeter  using  this  bit-parallel, 
digit-parallel  output  method.  This  method 
transfers  all  four  data  bits  of  all  eight 
digits  simultaneously.  This  is  a 
uni-directional  communication  device, 
transferring  output  data  from  the  Digital 
Correlator  into  the  computer. 

Automatic  Data  Acquisition  System. 

This  research  is  centered  around  use  of  a 
standard,  unmodified  computer  system.  A 
description  of  the  components  is  included  to 
clarify  the  general  capabilities  of  the  computer. 
1.  Computer  (Fig  7).  The  computer  system  is 

based  around  a  Hewlett-Packard  9845B  computer 
with  a  built-in  cathode  ray  tube  display, 
thermal  printer,  two  tape  drives  and  an 
extended  keyboard. 

a.  Cathode  Ray  Tube  Display.  The  cathode 
ray  tube  is  capable  of  displaying  80 
characters  horizontally.  The  display  is 
the  primary  means  by  which  the  computer 
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communicates  with  a  user  and  is  used  for 
editing  programs  or  reports  such  as  this 
one,  viewing  data  or  graphical  plots, 
examining  results  and  receiving  error 
messages.  It  is  functionally  subdivided 
into  twenty  lines  of  printout  area,  a 
single  line  for  input  and  output 
messages,  two  lines  for  viewing 
characters  input  from  the  keyboard  and  a 
system  comment  line  for  displaying  error 
messages  and  results  from  numerical 
calculations . 

b.  Internal  Thermal  Printer.  Built  into 
the  front  of  the  computer  is  an  eighty 
character  thermal  line  printer  for  hard 
copy  output.  Any  display  on  the  cathode 
ray  tube  may  be  printed  on  the  thermal 
printer.  It  can  also  be  used  to  Droduce 
hard  copies  of  program  listings,  data, 
results  from  program  execution  or 
graphical  plots. 

c.  Internal  Tape  Drives.  Two  magnetic 
cassette  cartridge  tape  drives  are 
located  in  the  front  of  the  computer. 

They  can  be  used  for  storage  and 
retrieval  of  programs  and  data  used  in 
the  computer.  An  individual  tape  can 
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hold  up  to  216,832  bytes  of  information. 
Extended  Keyboard.  The  primary  means 
for  a  user  to  communicate  with  the 
computer  is  through  the  keyboard  built 
in  to  the  computer.  The  keyboard  is 
organized  similarly  to  a  standard 
typewriter  keyboard,  but  contains  sixty 
extra  keys.  Sixteen  of  these  keys  are 
located  in  the  upper  right  hand  corner 
of  the  keyboard,  labled  KO  through  K15. 
These  are  the  computer  softkeys.  They 
are  used  to  control  program  execution  by 
causing  internal  computer  interrupts, 
allowing  a  user  to  manually  manipulate 
the  flow  of  a  particular  program.  In 
the  center  of  the  keyboard  are  nine  keys 
containing  up,  down,  left  and  right 
arrows.  The  arrows  cause  the  blinking 
cursor  on  the  display  to  move  around, 
but  are  also  used  to  move  and  pinpoint 
locations  on  the  graphics  display. 

Read  Only  Memory  (ROM) .  The  computer  is 
equiped  with  several  read  only  memories 
which  store  predefined  functions  and 
programs  used  internally  by  the 
computer.  These  read  only  memories 
include  a  Graphics  ROM  to  allow  program 


execution  of  plotting  commands,  an  I/O 
ROM  expanding  the  computer's  caoability 
for  execution  of  input  and  output 
functions,  and  a  Mass  Storage  ROM  which 
permits  use  of  a  disk  drive  system  with 
the  computer. 

f.  Read/Write  Memory.  The  computer  is 
equiped  with  a  total  of  318,026  bytes  of 
read/write  memory,  also  known  as  random 
access  memory.  This  is  the  main  working 
area  of  the  computer,  used  for  program 
and  data  storage. 

g.  Pull-Out  Cards.  Under  the  front  of  the 
cathode  ray  tube  are  four  pull-out 
cards.  The  cards  contain  details 
explaining  computer  error  messages  which 
appear  on  the  cathode  ray  tube,  as  well 
as  instructions  on  some  operationg 
procedures  for  the  computer. 

h.  Expansion  Ports.  On  the  back  of  the 
computer  are  four  expansion  Dorts, 
receptacles  for  plugging  in  various 
interfaces  which  may  be  connected  to  the 
computer.  Utilizing  interface  cards 
connected  to  these  ports,  the  computer 
can  communicate  with  other  electronic 
devices  and  Deripherals. 
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i.  Real  Time  Clock.  A  battery  operated, 
quartz  crystal  oscillator  clock  can  be 
connected  to  one  of  the  expansion  ports 
of  the  computer.  The  clock's  battery  is 
charged  whenever  the  computer  oower  is 
turned  on,  but  retains  an  accurate  date 
and  time  over  extended  periods  of 
battery  operation.  The  clock  also 
contains  several  timers  and  interrupt 
devices  which  can  be  preset  by  computer 
programs  and  later  cause  interrupts  at 
desired  intervals.  The  date  and  time 
information  are  continuously  available 
for  reading  into  the  computer  by  a  set 
of  simple  Hewlett-Packard  Basic 
commands. 

Disk  Drives.  Two  Hewlett-Packard  9885  disk 
drives  are  connected  to  the  computer,  one  of 
which  is  a  Master  unit  and  the  other  a  Slave 
Each  unit  operates  independently  in  terms  of 
data  storage  and  retrieval  and  can  store  up 
to  499,200  bytes  of  information  on  removable 
individual  flexible  disks.  The  disk  drives 
are  on  average  twenty-five  times  faster  in 
operation  than  the  computer's  internal  tape 
drives,  and  significantly  faster  still  when 
reading  and  writing  random  access  data 


storage  files. 

Plotter.  A  Hewlett-Packard  9872S  Diotter  is 
connected  to  the  computer.  It  can 
produceplots  in  four  colors  interactively  or 
under  program  control.  It  can  also  be  used 
to  digitize  information  for  input  to  the 
computer  from  a  oredrawn  graph  or  picture. 


25 


J 


I V .  Principles  of  Laser  Doppler  Veiocimetry 

General  Background.  There  are  basically  two  types  of 
Laser  Doppler  Veiocimetry  that  have  been  experimented  with  over 
the  past  few  years  (Ref  11).  The  most  popular  and  extensively 
used  method  is  the  dual  scatter  or  fringe  system.  It  has  an 
excellent  signal  to  noise  ratio  and  can  be  used  either  in  a 
forward-scatter  or  back-scatter  mode  (Fig  8),  increasing  its 
adaptability  to  varying  wind  tunnel  environments.  The  second 
type  is  based  upon  using  a  reference  laser  beam  along  with  a 
single  scattering  beam.  As  the  dual  scatter  or  fringe  system 
is  far  superior  and  alone  is  used  in  this  procedure,  the 
reference  beam  system  will  not  be  mentioned  further  in  this 
thesis. 

Laser  Doppler  Veiocimetry  has  many  advantageous 
features  (Ref  4).  It  is  an  entirely  non-obtr us ive  technique  of 
measuring  aerodynamic  fluid  flow.  Laser  Doppler  Veiocimetry 
uses  no  physical  probe  to  be  inserted  into  the  flow  field, 
leaving  the  region  of  interest  completely  undisturbed.  This  is 
radically  different  from  techniques  such  as  hot-wire  or 
not-film  anemometry,  or  Prandtl  type  pitot  static  tubes.  In 
addition  Laser  Doppler  Veiocimetry  measures  the  velocity  and 
turbulence  intensity  directly,  independent  of  temperature  and 
pressure,  and  eliminating  the  need  for  the  complex  recurrent 
calibration  that  is  required  by  other  methods.  Laser  Doppler 
Veiocimetry  offers  very  qood  spatial  resolution,  allowing 
measurements  to  be  made  near  walls  and  other  surfaces  with 
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Figure  8  Scatter  Angles  for  Laser  Doppler  Velocimetry 


great  care,  and  is  highly  resoonsive  to  local  flow  velocity 
flucuations  in  both  magnitude  and  direction. 

At  high  turbulence  levels  Laser  Doppler  Velocimetry  is 
one  of  the  few  techniques  capable  of  making  such  flow 
measurements  (Ref  14).  This  is  made  possible  by  operating  the 
Laser  Doppler  Velocimeter  in  coniunction  with  a  frequency 
shifting  device,  such  as  a  Phase  Modulator. 

There  are  disadvantages  to  the  use  of  Laser  Dopoler 
Velocimetry  as  well  (Ref  19).  It  requires  that  there  be  high 
quality  optical  access  to  the  measurement  region  for  both  the 
laser  beam  and  the  photon  detection  unit.  It  must  also  be 
recognized  that  it  is  the  velocities  of  the  light  scattering 
particles  that  are  measured  rather  than  the  flow  velocity.  This 
introduces  possible  errors  in  turbulent  regions  where  there  may 
be  velocity  lag  or  slip  of  particles  too  slow  in  responding  to 
the  flucuating  fluid  flow.  The  scattering  particles  themselves 
often  must  be  artificially  introduced  into  the  flow  in  order  to 
provide  for  adequate  photon  scattering  to  make  measurements 
practical.  The  signal  produced  by  the  scattering  Darticles  is 
a  complex  series  of  sine  wave  bursts  of  varying  anrolitude  and 
modulation  dependent  upon  where  the  particles  oass  through  the 
control  volume.  This  randomly  changing  doDpler  signal  requires 
extremely  sophisticated  processing  equipment  in  order  to 
decipher  the  usable  velocity  related  information. 

Only  with  the  advent  of  modern  electronic  signal 
processing  equipment  has  it  become  possible  to  analyze  the  high 
frequency  fluctuating  signals  typical  of  velocity  measurements 
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in  turbulent  fluid  flow.  Several  methods  of  signal  processing 
have  been  attempted,  ranging  from  electronic  spectrum  analysis, 
frequency  tracking  and  frequency  countinq  to  Fabry-Perot 
measurements  for  exceptionally  large  scale  or  very  high 
frequency  turbulent  fluid  structures  (Ref  19). 


Differential  Doppler  Laser  Velocimetry  (Fig  9) .  The 
most  common  Laser  Doppler  Velocimeter  (Ref  5)  is  implemented  in 
a  straight  forward  design  and  flexible  operational  setup: 

Two  parallel  laser  beams  from  a  single  laser 
(separated  into  equal  intensity  portions  by  a 
beamsplitter)  are  brought  to  a  common  focus  Doint 
at  the  region  of  interest  in  a  fluid  flow  field. 
The  intersection  of  the  twin  beams  at  this  control 
volume  creates  parallel  interference  fringes  of 
light  and  dark  dividing  ud  the  ellipsoidal 
intersection  region.  Particles  massing  through 
these  light  areas  scatter  photons  which  are 
focused  by  a  lens  arrangement  onto  a  pinhole 
aperature  into  a  Photc-Multiolier  Tube.  The 
scattered  light  may  be  collected  from  any 
direction,  in  forward  or  back-scatter  mode.  The 
Photc-Multiplier  Tube  outputs  an  electrical  signal 
corresponding  to  the  photcns  received.  This 
signal  is  interpreted  by  the  signal  processing 
equipment  to  determine  the  fluid  flow  velocity. 
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Figure  9  Operation  of  Lase'*-  Doppler  Velocimetry 


Laser  interference  fringes  (Fig  10)  are  what  make  Laser 
Doppler  Velocimetry  possible.  The  fringes  are  formed  when  two 
coherent  beams  having  planar  wave-fronts  intersect  at  an  angle. 
At  all  locations  within  the  intersection  control  volume  where 
the  wave-fronts  are  in  phase  (or  out  of  phase  by  360  degrees) 
there  is  constructive  interference,  reinforcing  the  laser  beam 
intensity  to  twice  its  nominal  value.  Where  the  wave-fronts 
are  out  of  phase  there  is  interference  decreasing  the  laser 
intensity  to  zero.  Thus  planes  of  light  and  dark  fringes  are 
formed  in  the  ellipsoidal  control  volume,  parallel  to  the 
bissector  of  the  twin  intersecting  beams.  The  spacing  between 
the  fringes  is  proportional  to  the  laser  wavelength  and 
inversely  related  to  the  beam  intersection  angle. 

In  most  cases  the  intensity  profile  of  the  laser  beams 
can  be  considered  to  be  of  a  gaussian  distribution,  with  the 
l/(e~2)  intensity  level  at  the  beam  intersection  denoting  the 
boundary  of  the  control  volume,  or  the  "effective  probe  size." 
The  control  volume  is  ellipsoidal  in  shape,  sliced  vertically 
by  the  fringes  perpendicular  to  the  direction  of  the  fluid 
flow.  The  minor  axis  of  the  ellipsoidal  control  volume  is  a 
function  of  the  diameter  of  the  twin  laser  beams  and  varies 
slightly  with  tne  intersection  angle  of  the  beams.  The  major 
axis  on  the  other  hand  increases  rapidly  as  the  intersection 
angle  decreases  and  can  introduce  significant  spreading  of  the 
doppler  signals  detected  if  it  becomes  too  large. 

As  scattering  particles  move  across  the  fringes  of  the 
control  volume  a  flucuating  light  intensity  is  scattered  and 
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Figure  10  Interference  Fringe  Formation 


detected  by  the  Photo-Multiplier  Tube.  The  Photo-Mult iol ier 
tube  outputs  a  series  of  seemingly  random  pulses  corresponding 
tc  the  photons  it  detects.  This  time  variant  signal  is 
processed  to  determine  the  velocity  information  characterizing 
the  fluid  flow. 

Phctcn  correlation  (Ref  1)  is  the  technique  employed  in 
signal  processing  in  the  time  domain  for  the  Laser  Doppler 
Velocimetry  used  in  this  procedure.  General  signal  processing 
techniques  will  be  discussed  below.  Photon  correlation 
utilizes  the  temporal  variation  of  scattered  light  intensity 
arising  from  single  scattering  particles  passing  through  the 
fringes  of  the  control  volume.  The  temporal  variation  of  the 
signal  is  periodic  in  nature  as  many  paricles  follow  the  fluid 
flow.  The  valid  information  is  extracted  from  random 
background  noise  by  generating  an  autocorrelation  function  with 
the  signal. 

The  autocorrelation  function  for  random  data  describes 
the  dependence  of  the  values  of  the  data  at  one  time  on  the 
values  of  the  data  at  a  subsequent  time.  In  this  way  an  energy 
autocorrelation  is  obtained  which  persists  over  the  signal 
period.  Any  random  background  noise  which  masks  the  signal 
will  correlate  to  a  constant  value.  This  method  of  signal 
processing  has  the  particular  advantage  over  other  techniques 
used  with  Laser  Doppler  Velocimetry  in  that  it  is  more 
sensitive  at  low  scattering  particle  densities,  when  scattered 
photons  are  few  and  seldom. 
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Signal  Processing  For  Laser  Doooler  Velocimetry  (Ref 
2).  The  analysis  of  the  Laser  Doppler  Velocimetry  signal  is 
complicated  by  the  fact  that  the  signal  is  produced  as  discrete 
bursts  of  energy  corresponding  to  the  scattered  photons  from 
the  particles  in  the  fluid  flow.  At  high  seeding  particle 
densities  the  bursts  may  merge  to  form  a  nearly  continuous 
signal,  often  ceasing  at  random  intervals.  The  four  primary 
methods  used  for  processing  the  doppler  signal  are  frequency 
tracking,  burst  processing,  photon  correlators  and  Fabry-Perot 
interferometers. 

In  early  research  using  Laser  Doppler  Velocimetry  the 
doppler  signals  were  analyzed  with  standard  frequency  spectrum 
analyzers.  These  were  essentially  a  narrow  band  filter 
constantly  sweeping  the  suspected  doppler  frequency  range  and 
outputing  a  voltage  proportional  to  the  power  oresent  in  the 
filter  bandwidth  at  any  instant. 

In  cases  where  the  velocities  are  extremely  high,  such 
as  boundary  layer  measurements  in  magnetohydrodynamic 
experiments,  where  the  doppler  frequency  may  be  on  the  same 
order  as  the  laser  frequency,  then  direct  spectroscopic 
detection  of  the  doppler  shift  may  be  possible.  In  these  cases 
Fabry-Perot  interferometer-spectrometers  have  been  employed 
because  of  their  superior  light  gathering  power  and  resolution. 

Frequency  trackers  offer  a  means  of  generating  an 
output  voltage  proportional  to  the  instantaneous  velocity  of 
the  fluid  flow,  ressembling  the  output  from  a  hot-wire 
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anemometer.  It  is  essential  to  maintain  a  nearly  continuous 
signal  to  avoid  tracking  drop-out  with  this  system,  and  this 
requires  very  heavy  seeding  of  the  fluid  with  large  particles 
(just  smaller  than  the  fringe  spacing),  such  as  polystyrene 
beadlets.  Frequency  trackers  use  a  feedback  loop  to  compare 
the  incoming  doppler  signal  with  a  known  oscillator  frequency. 
As  the  doppler  frequency  varies,  the  oscillator  control  voltage 
changes  to  retain  a  maximum  output  signal  at  a  narrow  band 
filter  which  has  a  beat  frequency  between  the  doppler  signal 
and  the  oscillator.  The  oscillator  control  voltage  serves  as 
the  primary  measure  related  to  the  doppler  frequency.  Frequency 
trackers  have  difficulty  coping  with  fluid  flow  having  velocity 
flucuations  of  large  range,  and  work  only  poorly  at  low  seeding 
levels.  Under  such  conditions  a  burst  processor,  counter  or 
individual  realization  processor  is  preferable. 

Burst  processors  are  the  only  family  of  instruments 
developed  specifically  for  Laser  Doppler  Velocimetry  from  the 
very  beginning.  Many  different  configurations  have  been 
designed.  The  principle  involves  first  filtering  an  individual 
doppler  burst  signal  to  remove  the  low  frequency  bias.  This 
tags  the  signal  for  zero  crossover  timing,  which  is  used  to 
determine  the  period  of  the  signal.  Generally  two  different 
numbers  of  cycles  are  measured,  perhaps  four  and  eight  cycles, 
and  the  ratio  of  these  is  compared  to  a  preset  tolerance.  This 
allows  rejection  of  erroneous  measurements  caused  by  noise  or 
poorly  modulated  signals.  Period  timing  is  usually 
accomplished  by  a  high  frequency  digital  clock  in  the  range  of 
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100  to  500  megahertz.  The  output  of  the  burst  processor 
consists  of  a  series  of  voltage  steps,  proportional  to  either 
the  doppler  signal  strength  or  frequency.  The  voltage 
corresponding  to  a  measurement  on  one  particle  is  maintained 
until  the  next  signal  is  measured  and  validated,  eliminating 
the  possibility  of  signal  drop-out.  Burst  processors  are 
limited  only  by  the  bandpass  filters  used  to  reduce  noise. 

Fluid  flows  with  extremely  large  velocity  fluctuations  between 
sucessive  doppler  bursts  can  easily  be  studied.  The  burst 
processor  is  well  suited  for  measurements  in  highly  turbulent 
gas  flow  with  low  scattering  particle  densities. 

Photon  correlation  (Ref  12)  is  the  latest  entry  into 
Laser  Doppler  Velocimetry  signal  processing.  The  theory  and 
application  of  this  technique  originated  at  the  British  Royal 
Radar  Establishment  in  Malvern,  England.  Photon  correlation  is 
applicable  when  the  scattered  light  level  is  so  low  that 
individual  photon  arrivals  are  detected.  The  photon  density 
follows  the  intensity  of  particle  passage  through  the  control 
volume.  Correlating  photon  arrival  'ate  versus  time  over  many 
photon  bursts  determines  the  average  doppler  period.  Turbulence 
information  is  gleaned  from  the  decay  of  the  correlation 
function. 

Photon  correlators  are  somewhat  limited  by  their  low 
frequency  capability  and  long  integration  times,  sometimes 
requiring  seconds  or  even  minutes  to  obtain  a  good  signal 
correlation.  Yet  it  remains  the  only  viable  technique  of 
obtaining  velocity  data  when  only  a  few  photons  are  available 


in  each  doppler  cycle.  As  mentioned  earlier  it  is  the  sole 
technique  used  in  this  procedure. 

Bias  Errors  In  Laser  Doppler  Velocimetry.  Several 
different  sorts  of  biasing  errors  are  potential  problems  in 
Laser  Doppler  Velocimetry.  The  probability  of  receiving  a 
valid  signal  decreases  as  the  particle  path  through  the  probe 
region  varies  from  perpendicular  to  the  fringes  at  midpoint  in 
the  control  volume  to  some  other  path.  A  certain  number  of 
fringes  must  be  crossed  by  a  scattering  particle  in  order  to 
generate  a  valid  doppler  signal.  Particle  oaths  at  large 
angles  to  the  perpendicular,  with  the  extreme  case  of  paths 
parallel  to  the  fringes,  may  not  be  detected  at  all.  The 
resulting  Laser  Doppler  Velocimeter  measurement  is  biased  to 
measuring  a  single  mean  velocity  component  Derpend icular  to  the 
fringe  planes  in  either  direction. 

Another  bias  is  the  unverified  assumption  that  in  a 
uniformly  seeded  unsteady  or  turbulent  fluid  flow,  more  of  the 
high  velocity  scattering  particles,  rather  than  the  low 
velocity  ones,  will  pass  through  the  control  volume,  biasing 
the  velocity  detected  to  a  higher  than  actual  velocity.  Rogers 
(Ref  16)  noted  this  in  his  measurements  of  flow  downstream  from 
a  venturi,  where  the  scattering  particles  were  not  in  velocity 
equilibrium  with  the  locally  decellerated  fluid,  giving  the 
measured  velocity  a  bias  to  a  higher  than  realistic  value  for 
the  fluid  flow,  thereby  supporting  this  bias  assumption. 

Additional  bias  errors  are  possible  due  to  size 


37 


variations  in  the  seeding  particles  (Fig  11),  and  the  paths 
they  follow  in  their  traversal  of  the  control  volume  in 
relation  to  gaussian  beam  intensity  distribution  of  the  laser. 
Particles  that  are  much  less  than  the  size  of  the  fringes  will 
produce  a  clean,  well  modulated  dooDler  signal.  Particles  on 
the  same  order  of  diameter  as  the  fringe  spacing,  or  even 
larger,  will  produce  a  signal  masked  by  noise  or  no  dopoler 
signal  at  all.  Particles  passing  through  the  control  volume  at 
midpoint  produce  a  strong,  maximum  strength  doppler  signal,  but 
those  particles  passing  through  away  from  the  midpath  of  the 
control  volume  ellipsoid  will  scatter  a  less  intense  laser  beam 
and  produce  a  smaller  amplitude  dopoler  signal. 

Improper  optical  allignment  of  the  Laser  Dopoler 
Velocimeter  system  introduces  some  of  the  largest  and  most 
serious  bias  errors  (Ref  7).  Intersection  of  the  twin  laser 
beams  to  form  the  control  volume  is  critical,  and  imoroDer 
alignment  can  form  non-uniform  fringes  and  varying  fringe 
spacing.  This  can  result  in  a  broadening  of  the  measured 
velocity  distribution  in  the  fluid  flow,  and  can  appear  as  high 
turbulence  even  in  laminar  boundary  layer  reg:  ts. 
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Doppler  Signals 
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V.  Hardware  and  Software  Integration 

General  Considerations.  Integrating  the  Automatic  Data 
Acquisition  System  with  the  Laser  Doonler  Velocimeter  required 
electronic  interfacing  of  the  two  systems  and  implementation  of 
computer  software  for  their  communication.  The  integration 
requires  no  permanent  modifications  to  the  Automatic  Data 
Acquisition  System,  allowing  its  coincident  utilization  with 
other  systems  in  other  exoeriments.  The  electronic  interfacing 
takes  advantage  of  the  built-in  remote  control  circuitry  of  the 
Digital  Correlator  and  its  electronic  data  output  capability. 
Utilizing  the  standard  electronic  interfaces  of  the  Automatic 
Data  Acquisition  System  and  electronics  to  adaDt  them,  to  the 
needs  of  the  Digital  Correlator,  it  is  possible  to  conduct 
two-way  communication  between  the  devices.  The  communication 
entails  the  operations  conducted  by  software  controlling  the 
Digital  Correlator,  transferring  the  data  to  the  computer  and 
processing  of  the  information. 

Each  element  involved  in  the  integration  procedure  is 
discussed  below,  including  the  essential  electronic  devices, 
control  commands  and  overall  computer  software.  The  Digital 
Correlator  control  and  output  signals  establish  the 
requirements  for  the  interfacing  techniques.  The  capabilities 
of  the  standard  interfaces  of  the  commuter  (the  Hewlett-Packard 
98Q32A  and  98033A  interfaces)  determine  the  electronics 
necessary  to  interface  them  to  the  Digital  Correlator.  The 
available  functions  for  remote  control  of  the  Digital 

40 


i 


software  and 


Correlator  drive  the  development  of  the  computer 
the  Laser  Doppler  Velocimetry  applications  programs.  The 
desired  output  information  sets  the  goals  of  the  overall 
calculations  to  be  performed  with  the  data. 


Interfacing  Electronics. 

A.  Digital  Correlator  (Ref  12).  The  Digital 

Correlator  has  three  sockets  on  its  rear  panel, 
one  for  remote  control,  one  for  data  readout  and 
one  for  output  to  a  punched  card  machine.  The 
latter  is  not  used  in  this  procedure  and  is  not 
mentioned  further. 

1.  Remote  Control.  Connecting  to  this  25-way 

Amphenol  17/20250  plug  allows  control  of  the 
primary  functions  of  the  Digital  Correlator. 
These  functions  are  starting  and  stopping  the 
autocorrelation,  turning  on  and  off  the 
readout  of  data,  stepping  the  data  readout 
from  one  output  channel  to  the  next  and 
clearing  the  data  memory.  When  the 
autocorrelation  is  initiated  by  Placing  -5 
volts  on  the  corresponding  pin  of  the  plug, 
the  Digital  Correlator  continuously  analyzes 
the  signal  it  is  receiving  from  the 
Photo-Multiplier  Tube.  The  Digital  Correlator 
accumulates  a  digitized  version  of  the 
autocorrelation  curve  in  ninety-six  storage 


41 


registers  or  channels,  numbered  four  through 
ninety-nine.  Each  channel  represents  the 
autocorrelation  value  over  that  time  period, 
where  the  time  is  the  product  of  the  channel 
number  and  the  sample  time  switch-set  on  the 
front  of  the  Digital  Correlator.  Each 
channel  contains  an  eight  digit  decimal 
number  of  arbitrary  units.  These  numbers  are 
output  through  the  readout  socket  in  Binary 
Coded  Decimal  format  when  the  remote  control 
function  is  used. 

2.  Readout.  The  channel  output  of  the  Digital 
Correlator  is  read  from  a  fifty  pin  Amphenol 
17/10500  socket.  The  fifty  data  lines  are 
used  to  simultaneously  output  the  eight 
decimal  digits  of  one  data  channel  at  a  time 
in  Binary  Coded  Decimal  format.  The  data 
from  one  channel  remains  on  the  output  lines 
as  long  as  the  readout  remains  turned  on  or 
until  the  readout  is  stepped  to  the  next  data 
channel. 

Hewlett-Packard  98032A  (Ref  8).  This  16-bit 
interface  is  used  to  connect  the  Digital 
Correlator  remote  control  with  the  computer.  The 
interface  has  forty-two  signal  carrying  lines  for 
input,  outout,  handshaking  and  status 
communication  between  the  computer  and  a 
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peripheral.  Only  the  output  lines  are  used  in 
this  procedure.  However,  because  the  Digital 
Correlator  requires  certain  of  its  remote  control 
signals  to  be  at  -5  volts,  whereas  the  98032A  has 
available  only  +5  volt  signals,  an  electronic 
translator  must  be  connected  between  them  to 
convert  the  signals  to  the  proper  voltages.  This 
translator  utilizes  buffer  and  opto- isola tor 
integrated  circuits  to  change  the  logical  1,  +5 
volt  signals  of  the  98032A  to  the  logical  1,  -5 
volt  signals  needed  by  the  Digital  Correlator. 
This  also  reduces  the  tendancy  for  cross-talk  and 
noise  on  the  remote  control  inputs  of  the  Digital 
Correlator,  since  the  electrical  connections 
between  the  correlation  start  and  stop  lines  and 
the  computer  are  eliminated. 

C.  Hewlett-Packard  98033A  (Ref  9).  This  fifty  line 
Binary  Coded  Decimal  Interface  is  connected 
directly  to  the  corresponding  pins  of  the  Digital 
Correlator  readout  socket.  It  transfers  an  eight 
digit  number  from  the  Digital  Correlator  to  the 
compute  r . 

Control  Operations.  Both  the  98032A  and  the  98033A 
interfaces  respond  to  commands  in  Hewlett-Packard  Basic.  Both 
can  execute  commands  either  from  the  computer  keyboard  or  from 
inside  a  program.  3oth  should  be  reset  before  use  by  the 
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RESET  1”  (for  the  98032A)  or  "RESET  3"  (for  the  98033A). 

A.  Remote  Control.  Each  remote  control  function  for 
the  Digital  Correlator  is  performed  by  sending  out 
a  particular  binary  number  on  the  98032A.  The 
electronic  translator  between  the  interface  and 
the  Digital  Correlator  converts  the  voltage  to  the 
required  level  and  places  it  on  the  correct  pins 
of  the  remote  control  plug.  The  command  to 
perform  this  operation  is  "WRITE  BIU  1  ;  x"  where 
the  'x'  is  replaced  by  one  of  the  following 
values . 

0  --  clears  the  interface  of  old  values 

1  --  stops  the  autocorrelation 

2  --  turns  on  the  readout 

4  —  turns  off  the  readout 

16  --  steps  the  readout  to  next  channel 
32  --  clears  all  data  from  memory  channels 
128  —  starts  the  autocorrelation 
Any  non-conflicting  combination  of  these  numbers 
will  perform  all  of  the  desired  functions,  e.g., 
x=32+128=16Q  will  clear  the  Digital  Correlator 
memory  and  start  the  autocorrelation.  The 
interface  should  be  cleared  between  each  sucessive 
command  (x=0)  to  avoid  unwanted  combinations. 

B.  Readout,  when  the  readout  is  turned  on  by  a 
command  to  the  remote  control,  the  eight  digits  of 


output  lines.  These  digits  are  read  into  the 
computer  directly  through  the  98033A  interface  by 
executing  the  command  "ENTER  3  ;  A (I)  ,  Status" 
where  'A'  is  the  array  variable  that  the  number  is 
to  be  stored  in,  'I'  is  the  index  of  the  array, 
and  'Status'  is  a  variable  set  by  the  correlator 
determining  whether  or  not  this  is  the  last 
channel  to  be  read.  If  'Status'  is  found  to  be 
zero,  then  no  more  channel  contents  may  be  read 
until  the  readout  is  turned  on  again  by  remote 
control. 

Software.  The  computer  program  developed  in  this 
procedure  is  extensive  and  is  intended  to  handle  most  of  the 
contingencies  that  might  arise  in  operating  the  Laser  Doppler 
Velocimeter  in  conjunction  with  the  Automatic  Data  Acquisition 
System.  Sharpe  (Ref  17)  clearly  outlines  the  requirements  for 
data  processing  of  Laser  Doppler  Velocimetry  information  and 
his  guidelines  have  been  adhered  to  in  this  procedure.  The 
program  prompts  the  user  via  messages  on  the  cathode  ray  tube 
display  at  all  points,  as  to  what  decisions  must  be  made, 
actions  taken  or  what  options  are  available.  The  oroqram  is 
self-starting  and  will  load  itself  and  begin  to  run  any  time 
the  computer  is  turned  on  with  the  " AUT03T"  button  depressed 
and  the  cassette  cartridge  version  of  the  program  inserted  into 
the  T15  tape  transport. 

The  software  is  functionally  divided  into  sixteen 


modules.  Each  module  performs  specific  tasks,  from  running  the 
correlator  and  reading  the  data  to  fitting  curves  to  the 
autocorrelation  and  storing  the  final  results  on  disk  for 
permanent  access.  The  names  of  each  module  appear  at  the  too 
of  cathode  ray  tube  display  when  the  program  is  running, 
arranged  according  to  the  assigned  softkey  value  of  each.  A 
particular  module  executes  when  its  softkey  is  pressed. 

A.  Startup.  When  the  program  begins  it  immediately 
sets  up  the  necessary  data  storage  for 
computations,  plotting  and  other  tasks,  as  well  as 
checking  the  time  and  thereafter  keeping  track  of 
it.  It  asks  the  user  for  information  regarding 
the  specifics  of  the  Laser  Doppler  Velocimeter 
setup  being  used  in  the  experiment. 

B.  "CORREL"  This  module  handles  clearing  of  the 
Digital  Correlator  memory  and  runs  the 
autocorrelation  for  ten  seconds.  The  run  time  can 
be  altered  by  changing  the  variable  'Total'  in 
subroutine  "Run_cor relation"  to  the  integer  value 
of  seconds  desired. 

C.  "READ"  The  second  module  performs  the  data 
transfer  from  the  Digital  Correlator  to  the 
computer.  It  requests  from  a  user  the  sample  time 
set  on  the  Digital  Correlator  and  the  modulator 
frequency  set  on  the  Phase  Modulator.  These  are 
necessary  in  any  calculations  to  be  done  with  the 
data.  The  data  is  read  from  the  Digital 
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Correlator  into  the  array  'A'  to  be  used 
throughout  the  entire  program.  The  time  that  the 
data  was  read  into  the  computer  is  recorded  in 
order  to  tag  particular  data  points.  The  data  is 
quickly  plotted  and  the  graphics  displayed  on  the 
cathode  ray  tube  for  five  seconds.  This  allows  a 
user  to  view  the  autocorrelation  and  determine  if 
the  data  are  valid  and  satisfactory. 

"LOCATE"  This  module  is  used  before  or  after 
running  the  correlator  and  reading  the  data.  It 
is  a  means  by  which  particular  data  points  are 
identified  to  the  computer.  It  relies  upon  the 
module  "MODEL"  described  below.  A  graphical 
display  of  the  airfoil  in  the  test  section  of  the 
smoke  tunnel  appears  and  the  user  is  asked  to 
locate  the  coordinates  of  the  point  at  which  Laser 
Doppler  Velocime try  data  is  currently  being  taken. 
Locating  the  point  is  either  by  moving  the 
displayed  cursor  with  the  left,  right,  up  and  down 
arrows,  or  by  entering  the  actual  coordinates  of 
the  point  in  millimeters  measured  from  the  lower 
left  hand  corner  of  the  test  section.  The 
location  information  is  used  by  the  program  to 
develop  a  velocity  profile  about  the  airfoil  in 
the  module  "RESULTS."  Although  this  section  of 
the  software  is  intended  to  describe  experiments 
in  a  particular  environment,  it  is  equally 


applicable  to  any  two-dimensional  environment 


with  or  without  an  airfoil  model  in  place.  Used 
as  is,  a  different  test  bed  can  be  visualized  by 
assuming  an  origin  at  the  lower  left  corner  of  the 
test  chamber,  with  maximum  test  chamber  dimensions 
of  1.5  meters  length  and  1.0  meters  height.  Any 
smaller  subset  of  these  dimensions  need  only 
ensure  that  when  data  points  are  located  within 
the  test  chamber  figure,  that  they  fall  within  the 
actual  bounds  of  the  test  environment  under 
consideration.  If  a  more  precise  description  of 
an  actual  test  chamber  other  than  the  "Blue  Smoke 
Tunnel"  is  required,  the  software  itself  can 
easily  be  modified  to  handle  the  case. 

"STORE"  This  module  is  part  of  the  data  base 
management  system  developed  for  this  program.  It 
writes  all  of  the  information  pertaining  to  a 
particular  Laser  Doppler  Velocimetry  data  point 
onto  a  data  storage  disk  (over  two  thousand  oytes) 
for  later  retrieval  by  other  modules  or  use  at  a 
later  date.  The  data  storage  area  must  be 
prepared  first,  using  module  "C-File"  and  there 
can  only  be  one  data  storage  area  per  flexible 
disk.  However,  each  data  storage  area  or  file 
holds  up  to  two  hundred  Laser  Doppler  Velocimetry 
data  points,  and  usage  of  the  data  points  later 


for  module  "RESULTS"  is  independent  of  how  many 


disks  are  used  to  store  data  points  from  the  same 
exper iment . 

"RESULTS"  Probably  the  last  module  to  be  used  in 
ah  experiment,  this  produces  three  plots  on  the 
9872S  plotter.  Each  plot  appears  the  same,  as  a 
scale  drawing  of  the  test  section  of  the  smoke 
tunnel  with  the  airfoil  being  tested  in  place.  On 
two  of  the  plots  are  plotted  the  relative 
magnitudes  of  the  one-dimensional  mean  velocity 
and  the  turbulence  intensity,  respectively.  The 
third  plot  nas  the  actual  numerical  values  of 
velocity  and  turbulence  listed  at  the  locations  of 
the  data  points.  The  module  will  plot  all  values 
for  a  specific  angle  of  attack  (the  identifying 
factor),  independent  of  how  many  separate  flexible 
disks  those  points  are  stored  on. 

"Screen"  and  "Plotter"  These  short  modules  merely 
determine  where  the  results  of  computations  and 
curve-fitting  will  be  printed,  the  former  being 
the  cathode  ray  tube  grachics  and  the  later  on  the 
9872S  plotter. 

"Switch"  Another  very  short  module,  this  one 
allows  the  user  to  switch  back  and  forth  from  the 
cathode  ray  tube  graphics  display  to  the  character 
d isplay . 

"CRV-FIT"  Perhaps  the  longest  of  all  the  modules, 
it  is  here  that  most  of  the  calculations  are  done. 
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This  module  should  be  called  only  after  a 
satisfactory  autocorrelation  has  been  transferred 
to  the  computer.  This  module  locates  the  local 
maximums  and  minimums  of  the  autocorrelation  data. 

These  are  used  to  produce  polynomial  curve-fits 
and  then  unskew  the  data.  From  the  unskewed  data 
the  mean  velocity  and  turbulence  of  the  fluid  flow 
are  computed.  The  curves  are  plotted  and  all 
relevent  data  printed  on  a  single  page  for  minimal 
hardcopy  storage  of  the  information. 

Of  particular  interest  is  the  Dolynomial 
curve-fitting  used  to  unskew  the  data. 

Experimentation  demonstrated  that  a  single  type  of 
polynomial  curve-fit  might  not  be  sufficient  to 
cover  the  widely  variant  autocorrelations 
encountered.  The  skewing  occurs  when  extraneous 
information,  stray  light,  gets  into  the  Laser 
Doppler  Velocimetry  system.  By  fitting  a 
polynomial  to  the  maximums  and  another  to  the 
minimums  of  the  autocorrelation,  and  then  finding 
the  average  of  these  two,  an  unskewing  curve  can 
be  generated  to  remove  the  bias  of  the  data.  The 
difficulty  arises  in  that  the  number  of  peaks 
(maximums)  or  valleys  (minimums)  varies  from  one 
autocorrelation  to  the  next.  In  order  to 
satisfactorily  unskew  all,  the  curve-fitting  must 
be  generic.  In  this  module,  an  autocorrelation 
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with  'N'  peaks  will  be  fit  with  a  polynomial 
curve-fit  of  order  'N-l'  using  standard  Least 
Squares  techniques.  The  valleys  are  fit  the  same 
way,  and  the  unskewing  curve  is  the  average  of  the 
two. 

K.  "PICKOFF"  This  module  is  for  use  when  the 
autocorrelation  has  unavoidable  noise,  such  as 
spikes,  in  the  data.  The  routine  provides 
graphical  displays  prompting  the  user  to  eliminate 
the  bad  data  points,  pick  off  the  data  to  be  used 
as  the  unskewing  curve-fit  and  locate  the  maximums 
and  minimums  describing  the  mean  velocity  and 
turbulence . 

L.  "SEARCH"  This  is  the  heart  of  the  data  base 
management  system  for  this  program.  It  very 
carefully  directs  and  leads  a  user  through 
operations  to  purge  from  the  flexible  disk  old 
data  points  that  were  bad  or  no  longer  needed,  to 
reprocess  old  data  in  order  to  provide  another 
look  at  it,  to  list  out  a  common  set  of  data 
points,  to  dump  out  all  the  information  on  a 
flexible  disk  (an  extremely  large  amount  of  pacer 
is  thereby  generated),  and  to  summarize  all  of  the 
data  points  on  a  particular  disk.  Each  activity 
is  independent  and  a  user  can  escape  at  almost  any 
point. 

M.  "ENTRY"  This  module  is  dedicated  to  oast 
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experiments.  It  is  intended  solely  for  entering 
autocorrelation  data  by  hand  from  previous 
experiments,  so  that  the  oresent  software  can  be 
used  to  process  it.  Once  the  data  is  entered,  any 
of  the  other  modules  may  be  used. 

N.  "C-File"  In  order  to  have  a  place  to  store  all  of 
the  voluminous  information  generated  by  this 
program,  a  file  must  be  created  on  a  flexible  disk 
(or  on  more  than  one) .  This  module  creates  the 
proper  file  for  storage  of  two  hundred  Laser 
Dopoler  Velocimetry  data  points,  and  will  check  to 
see  if  an  earlier  file  of  the  same  type  is  to  be 
destroyed.  The  decision  is  always  in  the  hands  of 
the  user. 

O.  "MODEL"  The  program  relies  upon  physical 
locations  for  producing  displays  of  flow  fields. 
This  module  allows  the  user  to  enter  a  specific 
airfoil  shape  under  study  into  the  computer  memory 
(and  onto  the  flexible  disk),  for  later  use  in 
drawing  the  smoke  tunnel  test  section,  airfoil  and 
flow  patterns.  A  photograph  or  drawing  of  the 
airfoil  of  interest  is  Dlaced  on  the  9872S  olotter 
and  using  the  plotter's  digitizer  sight  the  shaoe 
is  traced  into  the  computer.  The  user  only  must 
orient  the  computer  as  to  the  chord  of  the 
airfoil,  and  thereafter  the  computer  can  vary  the 
angle  of  attack  of  the  airfoil  at  the  discretion 
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of  the  user.  This  file,  "MODEL: F8 ,1" ,  must  be 
present  on  all  flexible  disks  used  for  data 
storage,  but  once  made,  can  be  copied  from  one 
flexible  disk  to  another. 

P.  “Simulat"  In  order  to  acquaint  the  user  with  the 
software  without  the  need  for  setting  up  and 
running  the  smoke  tunnel  and  entire  Laser  Doppler 
Velocimeter,  this  module  is  provided.  It 
simulates  with  fourier  series  the  autocorrelation 
as  received  in  previous  Laser  Doppler  Velocimetry 
experiments.  It  is  operated  in  place  of  the 
"CORREL"  and  "READ"  modules.  All  other  functions 
and  activities  are  the  same. 

0.  "HALT"  The  last  module  stops  the  program, 
clearing  memory,  displays  and  graphics. 

The  overall  software  capability  can  be  summarized  as 
follows.  The  four  primary  areas  of  apDlication  are:  operating 
the  Digital  Correlator,  performing  calculations  with  the  data, 
storage  management  of  the  data  and  modelling  of  the  airfoil 
under  study.  "CORREL"  and  "READ"  are  used  to  ooerate  the 
Digital  Correlator  by  running  the  autocorrelation  function  and 
transferring  its  data  to  the  computer.  Comoutations  of 
turbulence  intensity  and  velocity  are  done  with  "CRV-FIT"  and 
"PICKOFF,"  and  presentations  of  these  calculations  is  done  with 
"RESULTS."  The  large  amount  of  information  produced  is  stored 
via  the  "STORE"  module  in  a  data  file  created  by  "C-File,"  and 
later  retrieved  and  re-examined  via  the  "SEARCH"  module.  Data 
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from  previous  experiments,  recorded  earlier  by  hand,  can  be 
entered  into  the  computer  under  control  of  "E.JTRY"  and 
subsequently  processed  with  the  other  modules.  Creation  of  a 
model  of  the  airfoil  under  study  is  done  with  “Model,"  and  an 
individual  data  point  is  tagged  with  respect  tc  the  airfoil  via 
"LOCATE."  The  other  short  modules  merely  orovide  the 
capability  to  change  methods  of  output  from  screen  graphics  to 
plotter  graphics,  (“Screen"  and  "Plotter"),  to  switch  from 
alpha-numeric  display  to  graphics  display  on  the  cathode  ray 
tube  and  vice  versa  ("Switch"),  to  artificially  duplicate 
operation  of  the  Digital  Correlator  for  instructional  purposes 
("Simulat")  and  to  stop  the  program  ("HALT"). 

Operational  Testing.  The  integrated  Laser  Doppler 
Velocimeter  and  Automatic  Data  Acquisition  System  was  tested  in 
progressive  stages  as  individual  elements  of  hardware  and 
software  were  developed.  The  earliest  tests  were  controlling 
the  Laser  Doppler  Velocimeter  remote  control  functions  and 
transferring  the  data  from  it  tc  the  computer.  This  period 
coincided  with  Stephens'  experiment  (Ref  18)  on  a  ducted 
ejector  airfoil.  The  sample  data  presented  later  in  this  paper 
were  taken  during  Stephens'  experiment  and  subsequently 
processed  with  the  software  implemented  in  this  procedure. 
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VI 


The  desired  product  of  this  effort  was  to  develop  an 
integrated  Laser  Doppler  Velocimeter  system  with  control  and 
computations  done  by  an  Automatic  Data  Acquisition  System.  That 
tangible  result  was  achieved  and  exceeded.  A  system  that  can 
be  utilized  by  minimally  indoctrinated  experimenters  has  been 
produced.  It  is  the  results  that  can  be  produced  by  the 
integrated  system  that  are  discussed  below  (Figs  13  through 
23),  providing  insight  into  tne  capabiltiies  now  available  to 
experimenters. 


This  procedure  was  conducted  simultaneously  with  the 
experiment  of  Stephens  (Ref  18)  collecting  velocity  and 
turbulence  data  about  a  ducted  ejector  airfoil.  The 
interfacing  hardware  of  this  procedure  was  used  to  effect 
control  of  the  Digital  Correlator  and  transfer  data  to  the 
comouter  system  on  a  limited  basis  under  genuine  experimental 
conditions.  The  data  was  subsequently  processed  with  the 
software  implemented  in  this  procedure.  Representative  samDles 
of  the  data  collected  are  included  here  as  examoles  of  the 
capabilities  that  have  been  developed.  The  data  presented  are 
intended  merely  as  a  demonstration  of  the  outout  support 
provided  an  experimenter  using  the  software  and  hardware 
integrated  in  this  effort.  The  data  were  acquired  in 
conjunction  with  Stephens'  and  his  independent  manual  effort 
substantiates  the  results  Dresented  here.  However,  the  data 
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nerein  are  in  no  manner  intended  to  represent  a  complete, 
overall  study  of  the  aerodynamic  character istics  of  the  ducted 
ejector  airfoil. 

A  Laser  Doopler  Velocimetry  data  point  consists  of  an 
autocorrelation  function  output  from  the  Digital  Correlator.  It 
is  generated  by  measuring  tne  scattered  photons  from  a  single 
location  in  a  test  environment  where  the  twin  laser  beams 
intersect.  The  autocorrelation  is  actually  a  digitized  curve 
of  ninety-six  numbers  (eight  digits  or  less).  The 
autocorrelation  function  must  be  unskewed  to  remove  bias  and 
analyzed  to  determine  tne  aerodynamic  fluid  velocity  and 
turbulence  intensity  at  that  single  point  in  the  test 
environment.  A  large  amount  of  information  is  required  to 
describe  and  catalog  a  single  velocity  and  turbulence 
intensity. 

The  data  presented  here  were  taken  during  Stephens' 
experiment  with  a  ducted  ejector  airfoil.  For  these  data 
points  the  ejector  was  not  turned  on,  allowing  only  natural 
flow  through  the  duct.  The  airfoil  was  at  a  constant  fifteen 
degrees  angle  of  attack.  The  freestream  flow  of  the  smoke 
tunnel  was  maintained  at  a  relatively  consistent  speed  slightly 
above  eignt  meters  per  second  and  monitored  continuously  with  a 
Prandtl-type  pitot  static  tube  connected  to  a  microanemometer. 
Minimal  scattering  particle  seeding  density  was  allowed  from 
the  kerosene  burners  to  decrease  signal  overloading  of  the 
sensitive  Photo-Multiplier  Tube  from  scattered  photons. 

Each  Laser  Doppler  Velocimetry  data  point  is  presented 
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as  a  single  page  of  information  containing  all  the  essential 
cnar ac te r is t ics .  The  single  page  format  provides  for  efficient 
documents tion  of  the  experimental  results.  All  information 
contained  in  tne  output  is  also  stored  permanently  at  the  time 
of  its  creation  on  a  flexible  disk  in  the  "Datem:F8,l"  files. 
The  data  can  be  retrieved  and  reexamined  at  any  time,  and  is 
used  in  creating  tne  final  result  plots  discussed  below, 
snowing  relative  velocities  and  turbulences. 

each  data  page  (Figs  13  througn  20)  is  dominated  by  a 
plot  of  five  curves.  There  are  also  tabular  listings  of  the 
relevent  correlator  data,  experimental  Darameters,  identifying 
information,  a  key  to  the  plot  and  a  drawing  locating  the  data 
point  in  relation  to  the  airfoil.  Tne  plot  is  scaled  to  expand 
the  autocorrelation  function  so  that  tne  maximum  and  minimum 
values  form  the  extremes  of  the  plotting  area.  (This  causes 
most  correlation  functions  to  apoear  to  have  the  same  slope) . 
The  original  autocorrelation  function  read  from  the  Digital 
Correlator  is  drawn  as  dashed  lines.  Passing  through  its 
peaks,  valleys  and  midooints  are  tnree  dotted  lines.  These  are 
the  polynomial  curves  used  to  unskew  the  data.  The  unskewed 
autocorrelation  function  is  drawn  as  a  solid  curve.  Directly 
below  the  plot  are  printed  the  calculated  turbulence  intensity 
and  velocity  of  the  data  point.  Also  listed  are  tne  peaks  anu 
valleys  with  their  corresponding  original  autocorrelation 
numbers  from  the  Digital  Correlator.  Otner  information  is 
included  describing  the  laser  parameters,  the  date  and  time  the 
data  point  was  taken  (not  when  the  plot  was  produced),  the 


actual  coordinates  of  the  data  point,  the  angle  of  attack  of 
the  experiment  (used  to  rotate  the  airfoil  model),  the 
frequency  of  the  phase  modulator  and  an  identifying  label.  The 
values  important  to  calculations  are  Gl,  G2,  G3,  Pk2,  R.  The 
first  three  are  the  autocorrelation  values  of  the  unskewed 
curve  (Fig  12)  at  the  first  valley  (Gl),  the  immediately 
following  peak  (G2) ,  and  the  second  valley  (G3) .  Pk2  is  the 
channel  number  of  the  peak  corresponding  to  G2.  R  shows  the 
decay  of  the  autocorrelation  function  and  is  the  ratio 
(G2-G1) / (G2-G3 ) .  The  complete  method  for  computing  velocity  and 
turbulence  intensity  is  detailed  in  Appendix  A. 

Eight  data  points  are  presented  here  (Figs  13  through 
20),  including  two  in  the  freestream  flow  of  the  smoke  tunnel, 
three  abcve  the  ducted  ejector  airfoil,  one  in  the  narrow 
tnroat  of  the  ejector  duct  and  two  below  the  airfoil.  The 
velocities  of  these  data  points  range  from,  86%  of  the 
freestream.  velocity,  below  the  midspan  of  the  airfoil,  to  151% 
of  the  freestream  velocity  above  the  leading  edge  of  the 
airfoil,  to  a  maximum  of  157%  of  the  freestream  velocity  at  the 
narrow  threat  of  the  ejector  duct.  The  turbulences  range  from 
nor.-tur bulent  (0%  in  the  freestream)  tc  highly  turbulent  (25% 
above  the  trailing  edge  of  the  airfoil). 

Figures  13  and  14  are  the  non-turbulent  freestream. 
measurements.  Figures  15,  16  and  17  are  above  the  airfoil, 
witn  the  highest  measured  turbulence  located  above  the  trailing 
eoge  of  the  airfoil  (Fig  17).  The  latter  case  was  the  only  one 
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requiring  use  or  the  Phase  I-iodulatcr  to  clarify  the 
autocorrelation  function.  Figure  19  is  the  measurement  in  the 
contraction  region  of  the  ejector  duct.  Figures  18  and  20  are 
below  the  airfoil. 

The  final  results  are  an  attempt  to  visualize  an 
approximation  of  tne  overall  fluid  flow  about  an  airfoil. 
Figures  21,  22  and  23  are  scale  drawings  of  the  airfoil  in  the 
smoKe  tunnel  flow  visualization  region,  at  the  selected  angle 
of  attack.  These  three  figures  show  the  contributions  from 
each  of  the  eight  separate  data  points.  Plotted  on  Fig  21  is 
the  relative  horizontal  velocity  component  measured  by  the 
Laser  Doopler  Velocimeter  for  each  respective  data  ooint.  The 
relative  turbulence  intensities  at  the  data  points  are  plotted 
in  Fig  22.  A  numerical  catalog  of  the  velocity  and  turbulence 
at  each  data  point  is  shown  in  Fig  23.  These  plots  are 
produced  at  user  discretion  or  at  completion  of  a  particular 
experiment,  via  the  results  option  of  the  software  developed  in 
tnis  procedure.  They  provide  a  general  view  of  the  flow  field. 
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Turbulence  Intensity:  0*  VELOCITY*  8.4  meters/sec 


co?5LL0II2b!_05I9 

5  451545  Peak 

17  300116  Val ley 

20  375829  Peak 

44  204491  Valley 

55  280019  Peak 

70  108711  Valley 

81  183898  Peak 

97  12729  Val ley 

99  18741  Peak 

Ident i f i or  s 
FREESTRERM 

Modul ator : 

0  Hz 


Samp  1 e  Time:  .1 50us 
Wavelength:  632BR 
Beam  Radi  us:. 55mm 
Half  Frtnge:32um 
17  fringes 

Gl”  174095 
G2=  291352 

G3-  171450 

Pk2*  28 
R~  .97794 

DRTE:  03/23 
TIME:  14:07 

Coord  1 n  ates : 

X"  190  mm 
Y«*  470  mm 


Unsksuied  data 
Curve-f  1 tt 1 ng 
Original  data 


Rngle  of  attack: 
15  degrees 


Figure  13  Frees trear  Flow 


Turbulence  Intensity:  VELOCITY®  8.3  meters/sec 
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Figure  14  Freestrearr  Flow 
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Turbulence  Intensity:  5%  VELOCITY®  12.7  meters/sec 
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Figure  15  Flow  Above  Leading  Edge 
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Turbu 1 ence . Intens i ty :  2%  VELOCITY=  12.4  meters/sec 


CORRELRTION  DRTR 


5 

624529 

Pe  ak 

1 1 

519872 

Val ley 

20 

625668 

Pe  ak 

23 

491185 

Val ley 

37 

590874 

Pe  ak 

46 

449143 

Val ley 

54 

544249 

Peak 

63 

396108 

Vail ey 

71 

486820 

Peak 

80 

333234 

Val ley 

88 

419845 

Peak 

97 

261894 

Val ley 

93 

270363 

Peak 

Ident 1  f  1  or  : 
RBOVE  MIDSPRN 

Modu 1 ator : 

0  Hz 


Sample  Time:  . 150us 
Wavelength:  B320R 
Beam  Rad i us : . 55mm 
Half  Fringe:32um 
17  -fringes 

Gl«*  382536 
G2  =  502613 

G3  =  383452 

Pk2=  20 
R= 1.00768 

DATE:  04/30 
TIME:  13:47 

Coord i n  ates : 

X*=  8S0  mm 
Y*=  S00  mm 

Rngle  of  attack: 

15  degrees 


Unskeiued  data 
Curve*  t  tt 1 ng 
Original  data 


Figure  16  Flow  Above  Midspan 
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Figure  17  Flow  in  Wake  Above  Trailing  Edge 
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Figure  18  Flow  Beneath  Ductway  Entrance 
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Turbulence  Intensity:  VELOCITY*  13.2  meters/sec 
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Figure  19  Flow  in  Ductway  Throat 


Turbulence  Intens i ty : 1 \%  VELOCITY=  8.8  meters/sec 
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Figure  20  Flow  Below  Trailing  Edge 
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v I I .  Summary  and  Conclusions 

Summary.  The  Automatic  Data  Acquisition  System  nas 
been  sucessfuily  integrated  with  tne  Laser  Doppler  yelocimeter 
to  increase  the  Air  Force  Institute  of  Technology  experimental 
capaoilty  for  aerodynamic  fluid  flow  studies.  Hardware 
interfaces  were  designed  and  tested  as  an  integral  part  of  tnis 
research,  to  control  tne  Digital  Correlator  and  to  transfer  its 
data  to  the  Automatic  Data  Acquisition  System  computer. 

Software  was  implemented  to  control  the  interface  electronics, 
conduct  data  transfer  and  perform  the  necessary  calculations  to 
compute  fluid  flow  turbulence  intensity  and  velocity.  Computer 
output  was  formatted  to  provide  complete  documentation  of  Laser 
Doppler  velocimetry  experimentation.  A  data  base  management 
system  was  develooea  to  store  and  retrieve  Laser  Doopler 
yelocimetry  data  for  permanent  referral  and  ease  of  operation. 

The  integration  of  the  Automatic  Data  Acquisition 
System  with  the  Laser  Doppler  velocimeter  improves  tne  anility 
of  experimenters  to  collect  and  process  extensive  data  in  real 
time  for  fluid  flow  experiments.  It  eliminates  tne  need  for 
tedious  and  lengthy  manual  data  recording  and  entry  into  remote 
compc  rs  for  calculat ions.  It  provides  immediate  feedback  as 
to  equipment  performance,  test  conditions  and  experimental 
results.  Completion  of  tnis  procedure  nas  produced  a  system 
rr.it  will  enable  experimenters  to  devote  their  time  and  energy 
-  j .  .i-i in  or  experimental  results  rather  than  to  tne 


,iry  tj  obtain  results. 


r 


The  goals  aru  objectives  of  tms  orocedure  were  met 
witn  a  nign  degree  of  success.  A  working,  integrated  Automatic 
Data  Acquisition  System  and  Laser  Doppler  Oelocimeter  was 
developed  for  operation  by  any  minimally  indoctrinated 
experimenter.  Tne  system  duplicates  classical  results  and 
manual  computations. 

Conclusions.  Completion  of  tnis  researcn  nas  lead  to 
the  following  conclusions. 

A.  depending  on  the  type  of  curve-fit  used  to  unskew 
tne  autocorrelation  functions,  variances  in  tne 
computed  turoulence  intensities  can  be  found. 

These  variances  are  generally  no  more  tnan  a  few 
percent.  Tne  greatest  discreoancies  are  in  tae 
unsxewing  of  relatively  non-tur Duient 
autocorrleation  functions.  In  some  cases 
non-  tumulent  flow  can  appear  as  sligntly 
turoulent  (1  to  2%).  Rogers  (Ref  16)  also  noted 
such  a  tendency.  i’uroulences  oelow  two  percent 
may  be  regarded  as  essentially  non-tur bulent  flow 
conditions.  In  tne  realm  of  2  to  30%  turoulence 
intensity  tne  results  are  deemed  as  credible. 

d .  In  most  cases  of  the  data  taken  and  used  herein 
from  Steohens'  exoeriment  (Ref  Id),  tne 
autocorrelation  functions  were  skewed,  due  to  tne 
nature  of  the  bacxgrounu  noise  in  tne  laboratory 
(stray  light).  Jften  the  display  on  tne 
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osc i 1 los cod 2  apoearea  as  unskewed,  but  wnen  tne 
data  were  transferred  to  tne  computer  and  scaled, 
tne  slight  skewing  became  evident.  The  curves  had 
to  be  unskewed  prior  to  computation  of  tne 
turbulence  intensity  or  else  non- turbulent  flow 
may  have  been  indicated. 

Optical  alignment  of  the  twin  laser  beams  to  form 
the  laser  probe  control  volume  and  focusing  the 
Photo- lultiplier  Tube  on  that  control  volume  were 
the  most  critical  aspects  of  conducting  tne  Laser 
Doppler  N/elocim<=try  experiment.  Improper 
alignment  caused  a  poor,  distorted  or  even 
unusable  autocorrelation  function.  Proper 
alignment  produced  a  clean,  damped  or  undamped 
sinosoidal  curve.  (Skewing  of  the  curve  is  from 
stray  background  light).  The  process  of  aligning 
the  optics  for  each  separate  data  point  remained 
the  most  time  consuming  and  exacting  effort 
required  in  the  Laser  Doppler  tfelocimetry 
exoer iment. 

Utilization  of  standard,  removable  interfaces  in 
connecting  the  Automatic  Data  Acquisition  System 
to  the  Laser  Doppler  Velocimeter  made  possible  tne 
use  of  the  computer  in  a  broad  range  of 
experiments  without  permanent  modifications,  tnus 
avoiding  exclusive  dedication  of  the  computer  to 
the  Laser  Doooler  Velocimeter. 
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VIII.  Re commend at  ions 

The  completion  of  the  integration  of  tne  Automatic  Data 
Acqusition  System  with  tne  Laser  Doppler  velocimeter  has  opened 
ud  opportunities  for  utilizing  tne  Laser  Doooler  Velocimeter  to 
investigate  and  catalog  turbulent  fluid  flow  phenomena 
previously  deemed  tedious  and  unproductive.  As  further 
research  it  is  recommended: 

A.  Further  verification  and  validation  of  the 

turbulence  computation  techniques  employed  in  tne 
software  developed  in  this  procedure  should  be 
performed  through  measurement  of  classical 
turbulent  fluid  flow  conditions. 

1.  Tne  fully  integrated  system  should  be  used  to 
neasure  the  turbulence  benind  a  grid  and 
compared  with  results  from  more  classical 
methods,  such  as  hot-wire  anemometry.  Conduct 
of  a  classical  experiment  with  well  defined 
turbulence  levels  will  provide  further 
validation  of  the  methods  used  in  tnis 
procedure  for  curve-fitting,  unskewing  and 
turbulence  calculation.  i'he  experiment  should 
be  conducted  in  the  Air  Force  Institute  of 
Technology  9x9  inch  wnite  wind  tunnel, 

3uilding  640,  Laboratory  142,  Air  Force 
Institute  of  Technology  School  of  Engineering. 
Robinson's  data  (Ref  15),  with  grid  of  known 
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porosity,  should  be  reproduced.  Optical 
windows  for  this  tunnel  are  available  for 
ootical  access  to  the  test  chamber  by  tne 
Laser  Dopoler  s/elocimeter .  Robinson's 
computer  controlled  not-film  anemometer  can  be 
usee  to  take  the  same  data  for  comoarison. 

2.  A  second  classical  turbulence  comoarison  test 
can  be  made  for  a  nigh  velocity  free  jet. 
Kircnner's  data  (Ref  10)  for  hot-wire  and 
hot-film  anemometry  in  a  high  subsonic  plane 
free  jet  should  be  duplicated,  using  tne 
facilities  at  the  location  mentioned  above. 

An  even  more  advanced  and  capable  system  can  be 
developed  if  tne  nardware  and  software  from 
Robinson  (Ref  15)  and  Kirchner  (Ref  10)  are 
integrated  with  the  hardware  and  software 
developed  in  this  orocedure.  The  final  system 
should  be  caoable  of  handling  Laser  Doooler 
Oelocimetry,  hot-wire  and  hot-film  anemometry 
simultaneously  in  any  test  environment.  The 
system  would  then  be  self-validating  and 
a  utoma t  ic . 

The  Laser  Doooler  veiocimeter  caoabilty  snould  be 
improved  by  introducing  a  two-dimensional  velocity 
measurement  system  (requires  two  pair  of  twin 
laser  beams  oeroendicular  to  each  other).  Eitner 
an  additional  Digital  Correlator  would  be 


necessary  or  a  different  signal  orocessing  system 
could  be  used.  Lasers  of  two  different 


frequencies  or  Dolarized  diferently  would  also  be 
necessary.  Trie  system  would  orovide  a  more 
realistic  description  of  fluid  flow  con ditons  in 
two  dimensions. 

Additional  furtner  studies  snould  concentrate  on 
evaluating  various  bias  errors  of  the  Laser 
Doppler  Velocimeter  system.  Examinations  should 
be  made  of  accuracy  requirements  in  laser  optical 
alignment,  laser  beam  deoarture  from  true  gaussian 
profile  beam  cower  intensity,  beam  convergence  and 
diameter  decrease  wnen  focussed  by  a  lense, 
effects  of  scattering  oarticle  density  and  size 
flucuations  and  background  light  noise.  The 
effects  of  eacn  snould  be  characterized  to 
determine  their  influence  on  Laser  Dooder 
Velocimetry  credibility. 

A  final  experiment  is  to  examine  the  turbulence 
introduced  in  a  test  environment  by  pnysical 
Drobes,  such  as  not-wire,  hot-film  or  oitot  static 
anemometry  systems.  The  Laser  Dopder  Velocimeter 
can  be  used  to  mao  the  turbulence  formed  by  low 
speed  incompressible  fluid  flow  around  ohysical 
probes  and  analyze  the  imoact  on  the  turbulent 
flow  that  the  probes  are  designed  to  measure. 
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APPENDIX  A 

VELOCITY  AND  TURBULENCE  COMPUTATIONS 
FOR  LASER  DOPPLER  VELOCIMC IRY 

der  to  facilitate  referral  to  the  software 
er  this  procedure,  the  variable  names,  labels  and 
conventions  used  in  the  software  will  be  presented 
than  switcning  to  tne  more  conventional  and 
reeK  alphabet.  variables  may  be  one  or  more 
characters,  with  only  the  first  letter 
Numerical  operations  are  symbolized  by: 
addition 
subtr action 
multipl ication 
aivis ion 

exponent  (e.g.,  A“i3  is  A  raised  to  the  power  B) 
trigonometric  sine 
trigonometric  inverse  tangent 
in  the  software  used  in  calculating  velocity  and 
e  in  alphabetical  order: 

unsnifted  oopoler  frequency  of  photon  signal 
doppler  frequency  of  pnoton  signal 
oscillator  frequency  of  the  phase  modulator, 
positive  for  drive  mode,  negative  for  inverted 
autocorrelation  value  at  tne  first  valley  of  the 
autocorrelation  curve 
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G 2  --  autocorrelation  value  at  the  peak  immediately 


G3 

Ln 

Nn 


PI 

Pk2 

R 

Ro 

Se 

Sp 

St 

Ti 

1'woO 

U 
Uci 
»« v 


following  the  first  valley  (Gl) 
autocorrelation  value  of  the  second  valley 
focal  length  of  the  focusing  lens 
number  of  interference  fringes  in  the  control 
volume  at  tne  intersection  of  tne  laser  beams 
numeric  value  of  pi  (3.14...) 

Digital  Correlator  channel  number  corresponding  to 

the  peak  represented  by  G2 

decay  ratio  of  the  autocorrelation  curve 

radius  of  laser  beam  control  volume,  assumed  the 

same  as  the  laser  beam  radius  (@  0.00055  meters) 

separation  of  laser  beams  at  tne  focusing  lens 

interference  fringe  spacing  (fringe  half  width) 

Digital  Correlator  sample  time 

computed  turbulence  intensity 

the  included  angle  between  the  laser  beams  at 
their  point  of  intersection 
computed  velocity 

uncorrected  velocity  indicated  by  doopler  signal 
wavelengtn  of  the  laser  used  (6.328  E-06  meters) 


The  first  step  in  the  calculation  is  tc  determine  the 
induced  angle  between  the  laser  beams  at  their  point  of 
intersection  (Fig  24): 


TwoO  =  2  *  AT d  [  Se  /  (  2  *  Ln  )  ) 
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24  Calculation  of  Angles  and  JFrrnge  Spacing 


ihe  next  step  is  to  fine  tne  fringe  spacing  as  in  Fig 
25  (assuming  an  index  of  refraction  for  air  alone  at  1.0): 

Sp=(Ln*.,'v)/Se 

Tne  total  numcer  of  rringes  visible  in  the  control  volume  is 
given  oy: 


Nn  =  Ho  /  Sp 

The  velocity  indicated  by  tne  dcppler  signal  and 
unccrrected  for  frequency  shifting  by  tne  pnase  modulator  is: 

ba  =  Se  /  (  (  Pk2  -  3  )  *  St  ] 

wnere  3  is  subtracted  from  tne  cnannel  number  because  the  first 
information  channel  starts  at  4  on  tne  Digital  Correlator. 

Tne  ooppler  frequency  associated  witn  this  velocity  is: 

Fop  =  2  *  dd  *  [  SIN  (  TwoO  )  ]  /  .mV 

ay  adding  or  subtracting  tne  pnase  modulator  oscillator 
rrequency  as  appropriate  (positive  for  drive,  negative  for 
inverted  mode)  tne  unsnifted  doppier  frequency  of  tne  fluid 
velocity  is  simpiy: 

ra  =  Fdp  +  Frequency 
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PROBE  VOLUME 


Figure  25  Formation  of  Interference  Fri 


Inverting  the  previous  calculation  of  velocity  to 
frequency,  tne  actual  velocity  of  the  flow  based  on  the 
unsnifted  doppler  frequency  is: 

U  =  Fd  *  v» v  /  [  2  *  SIN  (  TwoG  )  ] 

The  calculation  of  tne  turbulence  intensity  is 
dependent  of  the  decay  rate  of  the  autocorrelation  function 
(Fig  26)  ,  given  by: 

R=  (  G2  -  G1  )  /  (  G2  -  G3  ) 

and  then  the  turbulence  intensity  fraction  is: 

Ti  =  1/PI  *  [  0.5* (R-l) *U/Ud  +  0 . 5/  ( N  n~  2  )  ]  *  0.5 

For  cases  where  the  phase  modulator  is  not  used,  and 
tnus  Frequency  =  0  these  equations  reduce  to  the  same  equations 
as  are  used  in  other  manual  computations  of  velocity  and 
turbulence  intensity  (refs  16  and  18). 
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Location  of  important  numerical  values 
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Figure  26  Location  of  Gl,  G2 ,  and  G3 
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APPENDIX  B 

LASER  DOPPLER  VELOCIMETER  SET-UP  AND  OPERATION 


References  12,16  and  20  contain  excellent  starting 
points  for  acquaintance  with  the  Laser  Doppler  Velocimeter. 

This  guide  is  intended  to  supplement  those  sources  in  regards 
to  facets  of  set-up  and  operation  peculiar  to  this  procedure. 

The  Laser  Doppler  Velocimeter  used  herein  was 
previously  mounted  (Ref  20)  on  a  large,  stable  optical  bench 
specifically  designed  for  operation  in  conjunction  with  the 
AFIT  Blue  Smoke  Tunnel. 

1.  Laser.  The  helium-neon  laser  is  attached  to  the 
optical  bench  via  two  aluminum  mounting  points, 
using  four  screws.  On  the  front  of  the  laser  tube 
is  connected  the  beamsplitter.  The  co-axial  cable 
from  the  laser  is  connected  to  tne  laser  power 
supply  unit,  which  in  turn  is  plugged  into  a 
standard  110  volt  source.  The  laser  is  turned  on 
at  the  switch  on  the  power  supply  unit.  This 
assemoly  is  shown  in  Fig  27. 

2.  Phase  Modulator.  The  Phase  Modulator  (Figs  28  and 
29)  is  fastened  down  on  a  track  in  front  of  the 
laser,  aligned  with  the  twin  beams  emerging  from 
the  beamsplitter.  The  two  co-axial  cables  from 
its  base  are  connected  to  the  Output  1  and  Output 
2  plugs  on  the  front  of  the  Phase  Modulator  Drive 
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Figure  27  Physical  Layout  of  Laser  Doppler  Velocimeter 


Mounting 

Bracket 


unit  (Fig  30).  l'he  counter  output  from  the  drive 
unit  is  connected  to  a  frequency  counter  input. 
Optics.  Tne  optical  bench  is  designed  so  that  the 
probe  control  volume  (defined  by  the  intersection 
of  the  laser  beams)  can  be  moved  in  two 
dimensions,  perpendicular  to  the  test  cnamber 
(towards  and  away  from  tne  test  chamber)  and 
vertically  along  the  test  chamber.  This  control 
is  allowed  by  sending  the  parallel  laser  beams 
througn  a  periscope  prior  to  being  focused  to  an 
intersection  point. 

Photo-Multiplier  Tube  (Figs  31  and  32).  The 
Photo-Multiplier  Tube  is  attached  via  a  triangular 
support  and  adjustment  rail  on  top  of  the  optical 
periscope  arrangement.  It  is  of sec  at  an  angle  of 
several  degrees  to  the  direction  of  the  laser 
beams,  in  a  backscatter  mode. 

digital  Correlation  Equipment  (Figs  33  and  34). 

The  equipment  is  best  situated  with  the  storage 
unit  on  the  bottom,  then  the  Digital  Correlator 
and  tne  oscilloscope  on  top.  The  equipment  is 
located  to  provide  ample  working  room  for  an 
experimenter,  with  easy  access  to  the  controls. 
Safety  Precautions.  Extremely  high  voltages  are 
used  in  this  equipment  and  many  of  the  pieces  are 
fragile  and  expensive.  Carelul  operation  will 
avoid  accidental  injuries  to  body  or  equipment. 
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Figure  33  Physical  Arrangement  of  Digital  Correlation  Eauipment 
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Altnougn  trie  hoi  lum-neon  laser  is  not  very  hign 
powered,  it  is  safest  to  assume  that  it  can  cause 
permanent  eye  damage  if  viewed  uirectly.  As 
suen,  all  oersonnel  snould  be  aware  of  the  danger 
poised  and  take  appropriate  care  wnen  xn  trie 
vicinity  of  tne  ooerating  laser.  dye  protection 
goggles  of  tne  proper  type  can  eliminate  the 
nazard.  In  tne  same  regards  of  sensitivity,  tne 
Photo-Multiolier  Tube  is  exceptionally  sensitive 
to  small  amounts  of  light  and  is  easily  and 
permanently  damaged  by  even  low  ievel  room 
illumination.  ,jnen  connected  to  its  power  source 
it  should  not  be  exposed  to  normal  room  lighting, 
nor  snould  the  laser  beam  be  allowed  to  snine 
directly  into  tne  Tube. 

Alignment.  Tne  most  time  consuming  and 
painstaking  effort  in  operating  the  Laser  Dopoler 
v'elocimeter  is  aligning  the  optics.  Without 
proper  alignment  the  system  will  not  produce  a 
usaple  autocorrelation  function, 
a.  The  first  step  is  to  estimate  tne  flow 

velocity.  mis  determines  the  appropriate 
fringe  spacing  desired.  for  relatively  low 
speed  flow,  less  than  40  meters/second,  the 
fringe  spacing  snould  be  nearly  1.0  E-05 
meters.  Flow  velocities  greater  than  this  are 
not  possible  in  tne  A FIT  Blue  Smoke  Tunnel; 
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b. 


for  otner  cases  refer  to  ref  12. 
i'ne  fringe  spacing  for  a  particular 
combination  of  optics  ana  distances  is 
calculated  from  tne  following  equation: 

Sp  =  (  Ln  *  »vv  )  /3e 

where  tne  index  of  retraction  of  air  (1.0) 
has  been  assumed  and  the  variables  are 
Ln  —  focal  lengtn  of  focusing  lens 
Se  —  seoaration  or  laser  beams  at 
tne  focusing  lense 

3p  —  interference  fringe  spacing  or 
tne  naif  fringe  widtn 
v, v  —  wavelengtn  of  tne  laser  used 
( b .  323  C-06  meters) 

i'ne  equation  can  be  inverted  if  tne  required 
fringe  spacing  for  tne  expected  velocity  is 
used  and  will  determine  tne  appropriate  focal 
lengtn  for  tne  lense.  The  fringe  spacing  can 
also  be  calculated  by  anctner  metnod.  As  in 
rig  35  measure  Ln  as  tne  distance  from  tne 
point  of  intersection  of  the  laser  beams  to  a 
vertical  surface,  ana  measure  3e  as  the 
separation  of  the  two  laser  beams  at  that 
wall.  Tn is  computation  should  produce  the 
same  results  as  using  tne  previous 
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definitions  of  tne  variables,  and  provides  a 
verification  tnat  tne  laser  beams  are  indeed 
parallel  upon  entering  the  focusing  lense,  as 
well  as  cnecking  tne  focal  length  of  tne 
lens. 

c.  Tne  parallel  nature  of  tne  twin  laser  beams 
is  controlled  by  the  knurled  knobs  on  the 
beamsplitter  casing.  The  knob  closest  to  the 
laser  adjusts  tne  separation  distance  of  the 
beams,  while  tne  other  knob  adjusts  tne  angle 
between  them.  The  laser  must  be  aligned  sucn 
tnat  the  twin  laser  beams  enter  the  phase 
modulator  crystal  parallel  or  the  doppler 
shifting  of  the  beams  will  not  be  accurate. 
The  best  separation  of  the  beams  is  aoout 
0.02  me  te  r  s . 

d.  In  order  to  focus  on  the  prooe  control  volume 
witn  tne  Photo-Multiplier  lube  (Fig  36)  it 
may  be  necessary  to  contruct  a  wnite  block 
tnat  can  be  placed  in  the  smoke  tunnel  to 
reflect  tne  lignt  into  the  Pnoto-Mult i?l ier 
lense.  Care  must  be  taken  to  ensure  tnat  the 
Pnoto-Multiolier  Tube  is  not  powered  at  this 
point,  as  the  direct  laser  light  would  burn 
it  out.  iiougn  alignment  of  the  tube  can  be 
made  by  looking  along  tne  barrel  from  behind 
and  sighting  it  in  relation  to  tne  laser  spot 
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Photo-Multiplier  Tube  Pinhole 


on  tne  white  block.  By  looking  tnrougn  tne 
Polaroid  eyepiece  on  the  Photo-Multiplier  and 
using  the  vertical  and  horizontal  controls  it 
is  possible  to  focus  the  spot  from  the  laser 
beam  intersection  on  the  pinhole,  aligned 
with  tne  cross-hairs  in  the  eyepiece.  Once 
focused,  ensure  that  all  knobs  and  screws  are 
tightened  to  avoid  altering  the  adjustments. 
Use  of  tne  Pnase  Modulator.  Occasionally  flow 
conditions  will  be  encountered  where  the 
Photo-Multiplier  Tube  and  the  Digital  Correlator 
are  unable  to  produce  an  output  from  which  the 
mean  velocity  or  turbulence  intensity  can  be 
obtained.  This  occurs  in  cases  where  the  fluid 
flow  is  eitner  too  fast,  too  slow  or  too  turbulent 
for  the  limitations  of  the  equipment.  If  these 
conditions  are  encountered  (such  as  a  straignt 
line  autocorr laticn  curve,  devoid  of  peaks  and 
valleys)  tnen  it  becomes  necessary  tc  utilize  the 
Phase  Modulator.  An  example  of  the  expected 
effect  of  Phase  Modulation  use  is  shown  in  Fig  37. 
Measurements.  The  warm-up  period  of  the  equipment 
is  usually  about  fifteen  minutes,  warm-up  should 
be  allowed  for  tne  Photo-Multiplier  Tube  power 
supply,  the  laser  power  supply,  the  Digital 
Correlator  Storage  unit  (Power  button  ON),  the 
Digital  Correlator  (Power  button  OK) ,  tne 
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oscilloscope  and  tne  Phase  Modulator  Drive  Unit. 
All  unnecessary  ligntina  in  tne  laboratory  should 


be  eft.  Turn  the  Photo-Multiplier  Tube  power  knob 
from  Stand-by  to  ON  and  press  tne  green  start 
button  of  tne  Digital  Correlator.  (fyoical 
settings  on  tne  Digital  Correlator  are:  sample 
time  of  0.05  £-06  seconds,  number  of  sarr.Dles  at  0, 
output  level  A,  tnreshold  clipping  at  0,  first 
channel  readout  at  4,  last  cnannel  readout  at  99, 
readout  mode  on  SCCPL  for  Oscilloscope  or 


CALCULATOR  PLOT  for  use  with  the  computer,  number 
of  counts  per  volt  at  50k  and  the  monitor  channels 
at  xl).  within  seconds  a  sinoscidal  type  curve 
should  appear  or.  the  display  of  tne  oscilloscope. 
Wnen  tne  desired  curve  is  obtained,  ousn  the  red 
STOP  button  to  freeze  tne  display.  Then  the  data 
fer  calculating  mean  velocity  and  turbulence 
intensity  can  be  taken,  either  by  hand  or  with 
commuter  control. 
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APPENDIX  C 

ACJTCMAi'IC  DAI' A  AGO  U I  3  I TI  ON  EySrEH  SETUP  AND  OPCPAfIC.’J 

Before  beginning  this  procedure  the  equipment  described 
in  Appendix  B  must  be  set  up,  but  ail  power  supplies  must 
remain  turned  off.  Users  should  acquaint  themselves  with 
operation  of  the  Hewlett-Packard  computer  before  proceeding.  A 
minimal  amount  of  programming  xnowlege  is  assumed  in  the 
following  discussion. 

Connecting  the  Computer. 

The  Hewlett-Packard  98453  computer  is  essentially 
self-contained  and  ready  to  be  plugged  in  to  an  electrical 
outlet.  Into  the  back  or  the  computer,  plug  in  tne  98035A  Heal 
Time  Clock  Card,  tne  98032A  16-Bit  Interface  for  tne  9885M 
Flexible  Disk  Drive,  and  the  9878A  Input/Ouput  Expander 
Interface.  All  other  interface  cards  are  plugged  into  tne 
Expander,  including  the  98G34A  Daisy  Chain  Interface,  the 
98u33A  Binary  Coded  Decimal  (BCD)  Interface  for  data  transrer 
tromi  the  Digital  Correlator  and  the  98032A  16-Bit  Interface  for 
control  of  the  Digital  Correlator.  The  9872A  plotter  is 
connected  to  tne  Daisy  Cnain  Interface. 

Plug  the  AMPHENOL  57/305U0  plug  from  the  93032A  into 
the  AMPHENOL  57/405U0  socket  on  the  electronic  translator  box 
(see  Appendix  D  for  details  of  the  circuit).  Plug  the  AMPHENOL 
17/10250  from  the  translator  into  the  AMPHENOL  17/20250  socket 
labeled  Remote  Control  on  the  back  of  the  Digital  Correlator. 
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Connect  the  DD  5U-P  (ITT  8033)  olug  directly  to  the  AMPHENOL 
17/10500  socket  labeled  Calculator  on  the  back  of  the 


ccrrelator.  Plug  the  translator  box  electrical  cord  into  a 
electrical  outlet,  but  do  not  if  turn  on  until  after  the 
computeristurnedgn  as  it  relies  upon  the  comouter  to 
determine  the  internal  logic  initial  states.  wnen  all 
connections  have  been  made,  eacn  element  of  the  system  may  be 
turned  on  in  the  following  sequence: 

1)  Computer 

2)  Automatic  Data  Acquisition  System  Master 
Power  Switch 

3)  Master  Disk  Drive 

4)  Slave  Disk  Drive 

5)  3495A  Scanner  (Connects  with  Daisy  Chain, 
so  it  must  be  turned  on) 

6)  9674A  Expander 

7)  Load  software  as  described  below 

8)  Voltage  Translation  Interface 

Loading  the  Software. 

The  software  developed  under  this  procedure  is 
avaxlaole  in  two  forms,  either  on  tape  cassette  cartridge  or  on 
flexible  disk.  Both  sets  are  identical.  They  are  maintained 
by  the  Department  of  Aeronautics  and  Astronautics  at  the  Air 
Force  Institute  of  Technology  School  of  Engineering.  Locate 
the  desired  medium  with  the  program  stored  on  it  and  load  the 
program  as  detailed  below.  In  order  to  cneck  to  see  if  the 


106 


program  is  on  a  medium,  use  tne  CAT  statement,  e.g.,  CAT":T15" 
it  using  a  tape  in  tne  rignt  hand  tape  drive,  or  CAT":r'8"  if 
using  the  lower  flexible  disk  drive. 

To  load  the  program  stored  on  tape  cassette  cartridge: 

1.  Turn  off  tne  computer  with  the  power  switch 
on  tne  right  side. 

2.  Pusn  the  button  on  the  keyboard  labeled 
AUTOST  down  until  it  clicks. 

3.  Place  the  appropriate  cassette  in  the  right 
hand  tape  transport  (T15) . 

4.  Turn  the  computer  on  with  the  power  switch. 
After  the  computer  warms  up  for  about  thirty  seconds  it  will 
search  the  tape  for  a  program  called  “AUTOST"  and  load  it  into 
computer  memory.  The  program  is  very  long  and  takes  about  two 
to  four  minutes  to  load.  When  it  has  been  loaded  tne  computer 
will  begin  to  run  the  program  automatically. 

To  load  the  program  from  a  flexible  disk: 

1.  Witn  tne  computer  system  completely  on,  enter 

from  the  keyboard  MASS  STORAGE  IS  " : F8 " 

2.  Place  tne  appropriate  flexible  disk  in  the 
lower  disk  drive  (Master). 

3.  Enter  from  the  keyboard  LOAD  "DARLA" 

Once  again,  the  program  is  very  long  and  taxes  several  minutes 
to  load  into  the  computer  memory.  When  the  loading  is  complete 
the  green  run  lignt  in  the  lower  right  corner  of  tne  catnode 
ray  tube  display  will  go  out.  Press  tne  yellow  RUN  key  to 
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start  the  program. 

Using  the  Software. 

The  program  developed  in  this  procedure  provides  a 
maximum  amount  of  user  interaction  with  a  minimum  of  required 
manual  input.  The  program  leads  a  user  from  step  to  step, 
continuously  prompting  the  user  with  questions,  details  what 
activities  are  underway,  presents  available  options  and  states 
what  actions  must  be  taken.  Each  step  is  self-explanatory, 
with  pauses  and  waits  built-in  to  the  program  to  allow  the  user 
time  to  make  decisions  and  view  intermediate  results. 

The  software  is  functionally  divided  into  sixteen 
modules.  Each  module  performs  specific  tasks,  from  running  the 
correlator  and  reading  the  data  to  fitting  curves  to  the 
autocorrelation  and  storing  the  final  results  on  disk  for 
permanent  access.  The  names  of  each  module  appear  at  the  top 
of  cathode  ray  tube  display  when  the  program  is  running, 
arranged  according  to  the  assigned  softkey  value  of  each.  A 
particular  module  executes  when  its  softkey  is  pressed. 

Prior  to  using  the  program  the  first  time  a  user  should 
place  a  blank,  unused  flexible  disk  in  the  upper  disk  drive  and 
initialize  it.  Enter  INITIALIZE  ":F8,1"  from  the  keyboard.  The 
initialization  process  takes  about  fifteen  minutes  as  it  writes 
zeroes  in  every  byte  on  tne  entire  disk  (thereby  erasing 
anything  previousl>  on  it).  wnen  the  disk  initialization  is 
finisned,  or  if  it  has  been  done  previously,  then  the  program 
may  be  continued.  The  initailized  disk  is  used  by  the  program 
to  store  data  from  the  experiments  and  the  description  of  the 
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airfoil  under  study.  This  disk,  or  a  similarly  prepared  one, 
must  be  in  the  upper  disk  drive  whenever  tne  program  is  run. 

The  two  files  on  the  disk  will  be  "Datem:F8,l"  and 
"Model :F8 , 1" .  These  files  are  created  by  the  program  under 
user  control  by  modules  "C-File"  and  "MODEL"  as  described 
below.  Tnose  two  modules  snould  be  executed  at  a  users' 
earliest  convenience  wnen  running  tne  program  tne  first  time. 
Subsequently  botn  files  are  used  over  by  the  program,  until  the 
user  desires  a  change  or  until  the  limit  of  two  hundred  data 
points  has  been  reacned  and  a  message  to  tnat  effect  is 
displayed  (at  whicn  time  a  continuing  file  on  another  disk  must 
be  created  by  using  "C-File"). 

When  tne  program  begins  running  it  immediately  sets  up 
tne  necessary  data  storage  for  computations,  plotting  and  other 
tasks,  as  well  as  checxing  the  time  and  thereafter  keeping 
tracK  of  it.  It  asks  tne  user  for  information  regarding  tne 
specifics  of  the  Laser  Doppler  Velocimeter  setup  being  used  in 
the  experiment.  These  inputs  are  the  wavlength  of  tne  laser  in 
meters,  the  focal  length  of  tne  focusing  lense  and  the 
separation  distance  of  the  twin  laser  beams  at  the  focusing 
lense.  Thereafter  any  of  the  modules  described  below  will 
execute  and  perform  the  desired  tasks  when  the  corresponding 
soltxey  displayed  on  the  catnode  ray  tube  display  is  pressed. 

A.  "CORREL"  This  module  handles  clearing  of  the 
Digital  Correlator  memory  and  runs  the 
autocor rela tion  for  ten  seconds.  The  run  time  can 
be  altered  by  changing  the  variable  'Total'  in 


109 


subroutine  "Run_cor relation"  to  tne  integer  value 
of  seconds  eesired.  do  input  is  required. 

"READ"  i'he  second  module  performs  tne  data 
transfer  from  tne  Digital  Correlator  to  the 
computer.  It  requests  from  a  user  the  sample  time 
set  on  tne  Digital  Correlator  ana  tne  modulator 
frequency  set  on  tne  Phase  Modulator.  These  are 
necessary  in  any  calculations  to  be  done  with  the 
data.  The  data  is  read  from  the  Digital 
Correlator  into  tne  array  'A'  to  be  used 
throughout  tne  entire  program.  The  time  that  tne 
data  was  read  into  the  computer  is  recorded  in 
order  to  tag  particular  data  points.  The  data  is 
quickly  plotted  and  the  grapnics  displayed  on  the 
cathode  ray  tube  for  five  seconds.  This  allows  a 
user  to  view  the  autocorrelation  and  determine  if 
the  data  are  vaiiu  and  satisfactory. 

"nOCAfE"  This  module  is  used  beiore  or  after 
running  the  correlator  and  reading  the  data.  It 
is  a  means  by  wnich  particular  data  points  are 
identified  to  tne  comouter.  It  relies  upon  tne 
module  "MODEL"  describee  belcw.  A  graphical 
display  of  tne  airfoil  in  tne  test  section  of  the 
smoke  tunnel  apoears  and  the  user  is  asked  to 
locate  tne  coordinates  of  tne  point  at  which  Laser 
Doppler  Velocimetry  data  is  currently  being  taKen. 
Locating  tne  point  is  eitner  by  moving  tne 
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displayed  cursor  with  tne  left,  rignt,  ud  ana  down 
arrow's,  or  by  entering  the  actual  coordinates  of 
the  point  in  m.  il  1  ime  te  r  s  measured  from  tne  lower 
left  hand  corner  of  tne  test  section.  The 
location  information  is  useu  by  tne  orogran  to 
develop  a  velocity  profile  about  the  airfoil  m 
the  module  "RESULTS." 

"STORE"  This  module  is  oart  of  tne  data  base 
management  system  developed  for  tnis  program.  It 
writes  all  of  tne  information  pertaining  to  a 
particular  Laser  Doppler  \/elocimetry  aata  point 
onto  a  data  storage  disk  (over  two  thousand  bytes) 
for  later  retrieval  by  otner  modules  or  use  at  a 
later  date.  The  data  storage  area  must  be 
prepared  first,  using  module  "C-File"  and  there 
can  only  be  one  data  storage  area  per  flexible 
disk.  However,  each  data  storage  area  or  file 
holds  up  to  two  hundred  Laser  Doppler  velocimetrv 
data  points,  and  usage  of  the  data  points  later 
for  module  "RESULTS"  is  independent  of  how  many 
disks  are  useu  to  store  data  ooints  from  tne  same 
exper iment . 

"RESULTS"  Probably  tne  last  module  to  be  used  in 
an  experiment,  tnis  produces  three  plots  on  tne 
9d 7 2 S  plotter.  Each  plot  aopears  tne  same,  as  a 
scale  drawing  of  the  test  section  of  tne  smoke 
tunnel  witn  the  airfoil  being  tested  in  olace. 
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This  display  is  readily  adaptable  to  otner  test 
environments  witn  minor  modifications  to  tne 
software  or  can  be  used  as  is  if  a  relative  origin 
in  tne  new  test  environment  is  Kect  in  mind.  Or, 
two  of  tne  clots  are  plotted  tne  relative 
magnitudes  of  tne  one-d  im.ens  ionai  mean  velocity 
and  the  turbulence  intensity,  respectively.  me 
third  plot  nas  tne  actual  numerical  values  of 
velocity  ana  turoulence  listed  at  tne  location  of 
tne  data  point.  Tne  module  will  plot  all  values 
for  a  specific  angle  of  attacK  (tne  identifying 
factor),  independent  of  how  many  separate  flexible 
disks  those  points  are  stored  on. 

"Screen"  ana  "Plotter"  Tnese  short  modules  merely 
determine  where  the  results  of  computations  and 
curve-fitting  will  be  printea,  the  former  being 
tne  cathode  ray  tube  graphics  and  tne  later  on  tne 
93723  plotter. 

"Switcn"  Another  very  snort  module,  tnis  one 
allows  tne  user  to  switcn  back  and  forth  from  tne 
catnode  ray  tube  grannies  display  to  tne  character 
display. 

"CK\/-rir"  Perhaps  tne  longest  of  ail  tne  modules, 
it  is  nere  tnat  most  or  tne  calculations  are  done. 
Tnis  mouule  snould  be  called  only  after  a 
sastisfactory  autocorrelation  has  been  transferred 
to  tne  computer.  This  module  locates  tne  local 
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maxi, t, unis  and  minimums  of  tho  autocorrelation  data. 
These  are  usea  to  produce  polynomial  curve-fit  ana 
then  unskew  the  uata.  Fr on,  tne  unskewed  data  tne 
mean  velocity  ana  turbulence  of  tne  fluid  flow  are 
computed.  Tne  curves  are  plotted  ana  all  relevant 
data  printed  on  a  single  page  tor  rr. '  umal  nardcopy 
storage  of  the  information. 

"PICROFF"  This  module  is  for  use  when  the 
autocorrelation  nas  unavoidable  noise,  sucn  as 
spixes,  in  tne  data.  The  routine  provides 
graphical  displays  prompting  the  user  to  eliminate 
the  bad  data  points,  pick  off  tne  data  to  be  used 
as  tne  unskewing  curve-fit  and  locate  tne  maximums 
and  minimums  describing  the  mean  velocity  and 
turbulence . 

"SEARCH"  Tnis  is  the  heart  of  tne  data  base 
management  for  tnis  program.  It  very  carefully 
directs  and  leads  a  user  through  operations  tc 
purge  old  data  points  tnat  were  bad  or  no  longer 
needea,  tc  reprocess  old  data  to  have  anotner  look 
at  it,  tc  list  out  a  common  set  of  data  ocints,  to 
dump  out  all  tne  information  on  a  flexible  aisx 
(an  extremely  large  amount  of  paper  is  generated), 
and  to  summarize  all  of  the  data  points  on  a 
particular  uisk.  Each  activity  is  independent  and 
a  user  can  escape  at  almost  any  point. 

"Ei.i’ui"  This  module  is  dedicated  tc  past 
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experiments.  It  is  intended  solely  fer  entering 
autocorrelation  data  by  nano  from  previous 
experiments,  sc  tnat  tne  present  software  can  be 
used  to  process  it.  Once  the  data  is  entered,  any 
of  the  ether  modules  may  be  used. 

"C-t'ile"  In  order  to  have  a  place  tc  store  all  of 
the  voluminous  information  generated  by  this 
program,  a  file  must  be  created  on  a  flexible  disx 
(or  on  more  than  one)  .  i'his  module  creates  tne 
proper  file  for  storage  of  two  hundred  Laser 
Doppler  yelocimetry  data  points,  anu  will  cneck  to 
see  if  an  earlier  file  of  the  same  type  is  to  be 
destroyed.  The  decision  is  always  in  the  hands  of 
the  user. 

"i-iODtiL"  The  program:  relies  upon  physical 
locations  for  producing  displays  of  flow  fields. 
This  module  allows  the  user  tc  enter  a  specific 
airfoil  shape  under  study  into  the  computer  memory 
(and  onto  the  flexible  disk),  for  later  use  in 
drawing  the  smose  tunnel  test  section,  airfoil  and 
flow  patterns.  A  photograph  or  drawing  of  the 
airfoil  of  interest  is  placed  on  the  9372S  plotter 
and  using  the  digitizer  sight  the  shape  is  traced 
into  tne  computer.  The  user  only  must  orient  the 
computer  as  to  the  chord  of  the  airfoil,  and 
therearter  the  comouter  can  vary  the  angle  of 
attack  of  the  airroil  at  tne  discretion  or  the 
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user.  inis  tile,  "MDClIL:  r‘8 , 1" ,  must  be  present  on 
all  flexible  uisxs  used  for  data  storage,  but  once 
made,  can  be  cooiea  from  one  flexible  disk  to 
another . 

"Simulat"  To  acquaint  the  user  witn  the  software 
without  tne  need  for  setting  uo  ana  running  the 
smoke  tunnel  and  entire  Laser  Doppler  velccimeter, 
this  module  was  developed.  It  simulates  with 
fourier  series  tne  autocorrelation  as  received  in 
previous  Laser  Doppler  Velocimetry  experiments.  It 
is  operated  in  place  of  the  "CORRLL"  and  "RLAD" 
modules.  All  otner  functions  are  the  same. 

"HALT"  The  last  module  merely  shuts  down  the 
program,  clearing  out  storage  and  removing 
displays  and  grapnics. 
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APPENDIX  D 

INTERFACING  ELECTRONICS 

Coirmunica tion  between  tne  Laser  Doppler  \/e loc in,e ter  ana 
the  Automatic  Lata  Acquisiton  System,  requires  electronics  to 
transfer  the  signals  and  translate  tne  voltages.  Two  stanaard 
Hewlett-Packard  interfaces  are  the  basis  for  communication  witn 
and  control  of  the  Laser  Loppler  \/e  loci, me  ter  Digital  Correlator 
by  the  Automatic  Data  Acquisition  System  computer.  These 
interfaces  are  the  tiewle tt-Packard  3 8 0 3 3 A  Binary  Coded  Decimal 
(BCD)  Interface  and  tne  Hewlett-Packard  98832A  16-Bit 
Interface.  The  former  is  used  to  transfer  data  from  tne 
Digital  Correlator  to  tne  computer,  while  the  later  is  used  to 
perform  control  functions  to  operate  tne  Digital  Correlator  by 
tne  computer. 

The  free  end  of  tne  96033A  is  directly  ccnnected  tne 
the  Digital  Correlator  with  a  50-way  L’D  50-P  (ITT  8033)  plug 
matcning  the  50-way  AMPHENOL  17/10500  socket  on  tne  back  of  tne 
correlator.  The  98033A  interface  card  end  is  plugged  into  the 
back  of  the  computer  or  into  the  9078A  Input/Output  Expander 
which  in  turn  is  oluggea  into  tne  computer.  The  connections 
for  the  free  end  of  tne  9S033A  are  given  in  facie  I,  listing 
the  signal  on  tne  line,  tne  color  cooe  of  tne  line  (wire),  tne 
pin  number  of  the  plug  the  line  connects  to  anu  identification 
of  wnat  eacn  connection  does  in  tne  correlator.  ,he  most 
significant  digit  convention  varies  from  tne  9dU33A  to  tne 
Correlator,  as  indicated  in  the  taole.  .-;e* le tt-i-ucuarc  nunuers 
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tne  aigits  from  left  to  right,  witn  1  being  the  most 
significant  digit.  For  the  Correlator,  tne  most  significant 
digit  is  numbered  8  (fable  III).  Each  binary  coded  decimal 
cigit  requires  four  bits  of  inf ormation,  thus  is  a  four  bit 
number  with  the  bits  labeled  D,C,B,A  from,  most  significant  to 
least  significant.  Inis  convention  is  tne  same  between  noth 
pieces  of  equipment.  1'he  bits  correspond  to  powers  of  two: 

D  --  2  cubed  =  8 
C  --  2  squared  =  4 
B  —  2  to  tne  first  power  =  2 
A  --  2  to  the  zero  power  =  1 

Each  bit  may  take  on  either  the  value  1  or  0.  The  possible 
combinations  allowed  are: 

D  C  B  A  value 
0  U  U  0  0 

0  0  0  1  1 

0  0  10  2 

0  0  11  3 

0  10  0  4 

0  10  1  5 

0  110  6 

0  111  7 

1  0  0  0  8 

10  0  1  9 

The  Digital  Correlator  has  a  short-eight  digit  output,  actually 
only  seven  and  a  naif  digits  (the  most  significant  digit  is  8, 
the  most  significant  bit  is  B,  thus  MSD/K3B  is  8B).  The 


largest  number  possible  lor  outnut  from  tne  Digital  Correlator 
is  then  39,999,999.  Seldom,  if  ever,  will  the  cnannel  contents 
be  tnat  nigh. 

The  differences  in  voltage  requirements  for  tne  Remote 
Control  of  the  Digital  Correlator  maxes  essential  the  use  of  a 
voltage  translation  circuit  between  the  98032A  ana  the  Remote 
Control  plug.  Tne  plug  is  a  standard  Ampnencl  25-way  17/2U250. 
Connecting  to  it  is  done  witn  an  AMPHENOL  17/1U250  socket.  The 
socket  is  part  of  the  translation  circuit.  i’he  93032A  is 
connected  to  the  translation  circuit  via  an  AMPHENOL  57/30500 
plug  into  an  AMPHENOL  57/40500  socket.  The  signals  on  the 
various  lines  of  both  tne  98032A  and  the  Remote  Control  are 
described  in  Table  II.  The  details  of  the  necessary  control 
signals  for  the  Remote  Control  are  listed  in  Table  Iv.  All 
signals  to  the  Remote  Control  pass  through  electronic  buffers 
in  the  translation  circuit  which  allows  the  Digital  Correlator 
to  be  electronically  isolated  from  tne  computer  when  the 
translation  circuit  power  supply  is  turned  off.  In  addition, 
the  External  Correlator  Start  and  External  Correlator  Stop 
lines  are  electro-optically  isolated  from  the  Digital 
Correlator.  This  part  of  tne  circuit  translates  the  +5  volt, 
logic  1  signal  of  the  computer  into  a  -5  volt,  logic  1  required 
by  the  Digital  Correlator.  The  electronic  circuit  used  is 
shown  in  Fig  38. 

The  circuit  performs  in  the  following  manner:  DOl,  DC 2, 
D04 ,  and  D05  from  the  98032A  (Table  II)  connect  to  the  input 
pins  1,  3,  5,  and  13,  respectively  of  a  hex-inverter  integrated 
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circuit.  Any  time  a  logic  1  appears  on  the  input  pins,  a  logic 
0  appears  the  respective  2,  4,  6,  or  12  output  pin.  The  logic 
0  signal  is  electrically  a  ground  voltage,  which  is  what  is 
required  to  activate  the  RC1,  RC2 ,  RC4  and  RC5  pins  on  tne 
remote  control.  Thus  setting  a  particular  bit  on  the  computer 
to  logic  1  by  outputing  2,  4,  16,  or  32  respectively  causes 
that  particular  function  on  the  remote  control  to  execute. 

The  principle  with  D07  and  DOO  is  similar,  with  the 
exception  that  the  voltage  must  be  changed  from  +5  volts  to  -5 
volts.  This  is  done  with  the  opto-isolators.  D07  and  DOO  each 
connect  to  pin  1  on  two  hex-inverter  integrated  circuits 
(7827A) .  To  increase  tne  current  capability  of  the  output 
signal  from  the  integrated  circuit,  three  of  the  inverters  in 
each  are  connected  in  parallel.  The  net  effect  is  that  a  logic 
1  on  input  will  result  in  a  logic  1  on  output.  Tne  outputs  are 
connected  through  current  limiting  resistors  to  pin  1  of  tne 
4 ii 2 5  opto-isolators.  The  logic  1  signal  (  +  5  volts)  causes  the 
pnotc-diode  in  the  4d25  to  emit  lignt,  thus  reducing  the 
elctrical  resistance  of  tne  photo-dar lington  transistor  beside 
it  in  the  integrated  circuit.  The  collector  of  the 
photo-dar 1 ington  is  then  at  tne  same  potential  as  the  emitter 
(-5  volts)  and  this  signal  is  the  one  transmitted  to  RC7  and 
RC8  respectively.  A  pulluo  resistor  on  the  line  ensures  tnat 
the  outputs  do  not  float  between  signals,  but  are  neld  at 
ground  level.  Each  integrated  circuit  is  powered  and  grounded 
as  snown  in  Fig  38. 


‘TABLE  1 


CONNECT! ONS  BETWEEN  98033A  BCD  INTERFACE 
AND  THC  DIGITAL  CORRELATOR  OUTPUT  SOCKET 

93033A  Function  Wire  Color  Correlator  Connection 


CiLA 

gray 

DFLGB  (930 33A) 

DFLGA 

wni  te 

brown  gray 

11  -  output  re, 

CTLB 

wnite  gray 

DFLGB  (S3033A) 

Dr  LGB 

white 

red  gray 

isolated 

Ground 

white 

50  -  GROUND 

+5  volts 

wni  te 

orange  gray 

isolated 

Sign  1 

wni  te 

brown  blue 

GROUND 

ID  (MSD) 

orange 

GROUND 

1C 

red 

GROUND 

IB  (MSB  used) 

brown 

26  -  3  3  (MS D/M, 

1A 

black 

9  -  3A 

2D 

violet 

8  -  7D 

2C 

blue 

7  -  7C 

2B 

green 

23  -  7 B 

2A 

yellow 

6  -  7A 

3D 

wnite  orange 

22  -  6D 

3C 

wnite  red 

5  -  6C 

3B 

wnite  brown 

4  -  OE 

3A 

wnite  olack 

20  -  6  A 

4  D 

wnite  violet 

3-50 

4C 

wnite  blue 

2  -  5C 

4B 

white  green 

18  -  5B 

4A 

white  yellow 

1  -  5A 

5D 

white 

black  yellow 

44  -  4 D 
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1'AuLL  I  (continues) 


4dd 3 JA 

r unction 

i.irc  Color 

Correlator  Connection 

52 

wm  te 

biac  k 

orange 

27 

- 

4C 

5o 

wn  x  te 

biac  k 

rea 

43 

- 

40 

5  A 

white 

olack 

or  own 

42 

- 

4  A 

O  L) 

white 

black 

gray 

25 

- 

30 

6C 

wni  te 

biac  k 

violet 

41 

- 

3C 

6ii 

white 

black 

blue 

24 

- 

3  B 

6  A 

white 

biac  k 

green 

4u 

- 

3A 

70 

white 

brown 

green 

3* 

- 

20 

7C 

wnite 

brown 

yellow 

3d 

- 

2C 

Id 

wnite 

brown 

orange 

21 

- 

2d 

7A 

wni  te 

brown 

red 

37 

- 

2  A 

ao 

(LSD) 

white 

rea  clue 

36 

- 

10  (LSD) 

ac 

wni  te 

red  green 

19 

- 

1C 

8  3 

wni  te 

rea  yellow 

35 

- 

13 

8A 

(LS3) 

white 

red  orange 

34 

- 

1A  (LSd) 

10D 

wn  i  te 

yellow 

gray 

12 

- 

last  address 

IOC 

wni  te 

ye  1 low 

violet 

16 

- 

figures 

103 

wn  i  te 

yellow- 

blue 

17 

- 

addresses 

10A 

whi  te 

yellow 

green 

Id 

- 

first  aduress 

3  ig  n  2 

,  90,  9C, 

33,  9  A , 

and  Overload 

(white 

brown  vioiet, 

wnite  orange  violet/blue/green/yellow  ana  wriite  rea  violet, 
respectively)  all  connect  together  to  OKoudD 


122 


TAJ  LD  1 1 


CONNECTIONS  ablVuXN  DIGITAL  CORRELATOR  REMOTE  CONTROL 
AlJl)  iiiL  9LJ32A  16-dI  T  INI'LRrACL 

Keirote  Control  Function  98032A  Function  ..'ire  Color 


Readout  Start 

(RC1) 

D01 

wnite 

crown 

ueadout  Stoo 

{ RC2 ) 

D02 

wr.i  te 

red 

neaciout  Step 

(KC4) 

D04 

wnite 

yeliow 

Reset  Store 

(RC5) 

DO  5 

wni  te 

green 

Correlator  Start 

( RC  7 ) 

DO  7 

white 

v ioie  t 

Correlator  Stop 

( RCU ) 

DOO 

white 

DiaCK 

-5  volts 

(RC23) 

reference 

0  volts 

(RC25) 

reference 

FFLG  ana  PCiL  (gray  and  wnite  gray  respectively)  are  connected 
togtner  and  isolated. 

JuMPLR  3  on  the  9S032A  Interface  Card  is  installed. 

Ail  other  wires  of  tne  9C032A  are  connected  togetner  to  GROUND. 


123 


TAb  Lii  III 


CALCULATOR  OUTPUT  bOCKLl  Tiu  uLSCF.I  PTIO.'i 

Tnc  calculator  output  socket  is  an  AdPuLduL  50-way  type 
17/lObuU.  i'ne  parallel  output  binary  coded  uecimai  (aCJ) 
uigits  are  nurr, Perea  iron  o  to  1  ror  most  signiiicant  to  least 
significant,  with  tne  bits  iaoela^  o ,C , J  ,A  fro,’  tost 
significant  tc  least  significant. 

Rid  FudCi'Idd 

1  Cnannel  contents  of  uigit  5a.  >  +2.0  volts  =  logic  1 


2 

ii 

ii 

•i 

5C 

II 

II 

ll 

3 

it 

n 

n 

50 

II 

II 

II 

ii 

ii 

ii 

II 

It 

II 

4 

6b 

ii 

ii 

ii 

6C 

II 

II 

II 

5 

6 

ii 

ii 

ii 

7  A 

II 

II 

II 

7 

ii 

ii 

it 

1C 

IT 

II 

II 

3 

ii 

ii 

ii 

ID 

II 

II 

II 

Q 

ii 

it 

ii 

P.  A 

II 

II 

tl 

10  First  Audress.  <  0 . 0  volts  inuicates  first  address 

11  Information  is  Static.  <  0.0  volts  indicates  oata  reaay 

12  cast  Address.  >  2.u  vvits  inuicates  last  aauress 

13  Readout  busy.  <0.0  volts  inuicates  readout  in  progress 

14  blow  Clock. 

lu  external  : .  e  a  u  o  n  c  utuo.  volts  (  oK  jl..  j )  initiates  s  t  l*  - 

16  Information  Figures.  <  0 . 6  volts  indicates  numerical  .ata 

17  Address  Figures.  <  0.3  volts  ir.uicates  output  aauress  nut 
13  Cnannel  contents  of  digit  5u.  >  2.0  volts  =  logic  1 
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6  A 


1x4 


i/adDL  III  (continues) 


r  u  C  i'  1  0.'* 

Cnannel  contents  oi  uigit  jj.  >  2.U  volts 

»•  it  «■  -y^  n  »i 

ii  ii  ii  ii  H 

H  ii  i»  j  ^  ii  ii 

ll  ii  ii  3  ii  ii 

Oj 


no  i unction 
no  unction 

Cnannel  adaress  unit  digit  A.  >  2.0  volts 


ten  digit  a 


Cnannel  contents  or  digit  1A . 

„  „  „  lo 


lo 

2a 

2C 

2D 

3  A 
3C 

4  A 
40 
40 


no  function 

Cnannel  adaress  unit  dijit  A.  >  2.0  volts 


logic  1 

il 


il 

il 


logic  1 


logic  1 


iA^Lu  ili  (continues) 


R „  ..C  1  1  o<. 

47  enamel  aooross  unit  digit  C.  >  2.0  volts  =  ley  ic  1 
4 J  "  "  ton  digit  A 

|  ,j  •!  *1  •»  '  ii  it  il 

d 0  (  J  voles  ) 

i’/o  Le  I  v 

Rb.-.UIC.  CCdtoL  r-i  .*  Jojjillrilji'o 

ins  ren.cte  control  is  occoosea  tnreugn  on  A.  Aeni-oo  25-way  oxu^ 
type  17/2u25j.  dulses  si.jr.ai  voltages  are  cun  icisr.t  tc. 
verier.?  the  remote  control  functions. 

t'  I  -i  i*  v  1 1  Cs 

L  external  Readout  Jtar  t.  u  volts  (GRouuO)  initiates  start 

l  external  Readout  3 tec.  0  volts  initiates  step 

3  Readout  busy.  0  volts  s..o«s  readout  in  or  ogress 

4  external  Reauout  step.  -j  volts  steps  tc  next  channel 

3  external  Reset  Store.  u  vcits  dears  terror/ 

7  external  Correlator  start.  -5  volts  starts  correlation 

i  external  Correlator  Ctoo.  -5  volts  steps  correlation 

■Li  -5  voic  reference  can  ,-iy  {!>,  :  iiiiorro  rax  current) 

-  5  o . » <-■  e . .  n  (v  VnitO) 

vil  otner  oi ns  are  not  utilises  or  nave  r. o  rune  Lion* 
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